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Summary

We propose to assemble a cost-effective, yet powerful, solenoidal magnetic spectrometer
for antiproton-annihilation events and use it at the Fermilab Antiproton Accumulator to
measure the charm production cross section, study rare hyperon decays, search for hyperon
CP asymmetry, and precisely measure the properties of several charmonium and nearby
states. Should the charm production cross section be as large as some have proposed, we will
also be able to measure D0–D0 mixing with high precision and discover (or sensitively limit)
charm CP violation. The experiment will be carried out by an international collaboration,
with installation occurring during the accelerator downtime following the completion of the
Tevatron run, and with funding largely from university research grants. The experiment
will require some four years of running time. As possibly the sole hadron experiment in
progress at Fermilab during that time, it will play an important role in maintaining a broad
particle-physics program at Fermilab and in the U.S.
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1 Introduction

We propose to assemble a simple, cost-effective, yet powerful magnetic spectrometer at
the AP-50 experimental area of the Fermi National Accelerator Laboratory Antiproton
Source, by integrating and suitably augmenting existing equipment. This will capitalize on
Fermilab’s substantial investment in the Antiproton Source, by far the world’s best facility
for producing antiprotons. It will allow unique investigations of charm mesons, charmonium
states, and hyperons, studying and searching for rare decays and symmetry-violating effects
with world-leading sensitivities. It may also constitute the only hadron physics carried out
at Fermilab in the years immediately following the completion of the Tevatron program. As
such, it will substantially broaden the Lab’s physics program and multiply the number of
available thesis topics severalfold, thereby playing a valuable role in continuing to attract
talented U.S. physics students into our field.

Table 1 summarizes the parameters of current and future antiproton sources. It can be
seen that the highest-energy and highest-intensity antiproton source is at Fermilab. Having
formerly served medium-energy antiproton fixed-target experiments, including the charmo-
nium experiments E760 and E835, it is now dedicated entirely to the Tevatron Collider,
but could again be made available for dedicated antiproton experiments upon completion of
the Tevatron program (towards the end of 2011 according to the present schedule, although
the possibility of a Tevatron run extension is under consideration). The CERN Antiproton
Decelerator (AD) provides low-energy antiproton beams at a tiny fraction of the intensity
now available at Fermilab. Germany’s billion-Euro plan for the Facility for Antiproton and
Ion Research (FAIR) at Darmstadt includes construction — yet to be started — of 30 and
90 GeV rapid-cycling synchrotrons and low- and medium-energy antiproton storage rings [1].
Antiproton operation at FAIR is anticipated on or after 2018.

Table 1: Antiproton energies and intensities at existing and future facilities.
p Stacking: Operation:

Facility Kinetic Energy Rate Duty Hours p/yr
(GeV) (1010/hr) Factor /yr (1013)
0.005CERN AD
0.047

– – 3800 0.4

Fermilab Accumulator:
current operation 8 > 25 90% 5550 > 150
proposed here ≈ 3.5–8 20 15% 5550 17

FAIR (>∼ 2018*) 1–14 3.5 15%* 2780* 1.5

∗The lower number of operating hours at FAIR compared with that at other facilities arises
from the collection ring being shared between the antiproton and radioactive-beam programs.
Due to the modular staging of the FAIR facility, stacking of antiprotons will initially be done
in the experiment ring, leading to the small duty factor shown here. FAIR’s stacking ring is
planned for installation several years after initial operation.

2 Experiment Overview

In the flavor problem, nature presents us with a very challenging puzzle. In the more than 30
years since the Standard Model was established, our failure to discern what deeper theory
underlies it indicates the difficulty of this challenge. Our clues are few, and we cannot
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afford to ignore any areas where more clues might be found. Technology improvements now
permit unprecedented sensitivities to rare effects, giving access to potential signatures of
new physics that were previously considered too difficult to pursue.

A number of important issues can be studied in a medium-energy (3.5 <∼ KEp < 8 GeV)
antiproton-beam fixed-target experiment. These include the possible contributions of new
physics to charm mixing and decay and hyperon decay, and the mechanism(s) underlying
the mysterious X, Y , and Z states discovered in recent years at the B factories [2]. Without
knowing the nature of the sought-for new physics, it is difficult to rank these by impact and
importance. But should new physics be discovered in any one of them, it will immediately
become the most interesting particle-physics topic of the day. By current “handicapping,”
charm mixing is probably highest in priority. Despite much effort on B and K mixing and
CP violation (CPV), evidence for physics beyond the Standard Model in those sectors has
proved elusive [3].1 We should therefore look elsewhere as well. The key question, whether
there are appreciable new physics contributions to charm mixing, hinges on the degree to
which it violates CP symmetry [4].

New sources of CP violation are expected by many. The baryon asymmetry of the uni-
verse can in principle be understood in terms of CP violation [5], but the CKM contribution
to CPV is too small by many orders of magnitude [6], suggesting that additional contri-
butions from new physics were at play in the early universe. Proposed Standard Model
extensions (e.g., non-minimal SUSY [7], multi-Higgs models [8], left–right-symmetric mod-
els [9, 10], and the SME of Kostelecký et al. [11]) abound in possible new, CP-violating
phases, which could account for the baryon asymmetry and could show up in sensitive
heavy-quark experiments. These issues have helped motivate substantial, world-wide ef-
forts seeking to discover physics beyond the Standard Model in neutral-meson mixing and
CPV. We are proposing to take the next step in sensitive studies of charm and hyperons. At
the same time we will have the opportunity to shed light on an intriguing, current mystery:
the nature of the X(3872).

2.1 Charm-Meson Mixing and CP Violation

As pointed out by many authors [3, 12, 13], charm is an excellent venue in which to search
for new physics. Not only is it the only up-type quark for which mixing is observable, but
Standard Model backgrounds to new physics are suppressed in charm: the CKM factors
are small, and the most massive quark participating in loop diagrams is the b. There are
thus many potential signatures in charm (such as CPV in D0–D0 mixing) that would be
direct indications of new physics. Furthermore, compared to beauty, charm has both a large
hadroproduction cross section and large branching ratios to decay modes of interest.

In the past, the largest charm samples have been obtained in high-energy hadropro-
duction experiments (e.g., Fermilab E791 and, now, CDF) and at the B factories. We
argue that over the next several years, a medium-energy charm experiment at the Fermilab
Antiproton Source might be the world’s most sensitive:

1) hadroproduction has an enormous charm-production advantage over e+e− colliders:
charm hadroproduction cross sections are typically ∼µb, vs. 1 nb for e+e−;

and
1The evidence for anomalous CP violation in Bs mixing recently announced by the DØ collaboration [14],

if confirmed, may indicate that new physics does indeed contribute to CP asymmetries at detectable levels.
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2) the low multiplicity in medium-energy p annihilation offers a substantial signal-to-
background advantage over hadroproduction at high energy.

Of course, luminosity favors e+e− (by factors of 10 to 102), and until now, backgrounds
have as well. Moreover, high-energy hadroproduction has the advantage of longer decay
distances. But the higher charged-particle multiplicity (〈nch〉 >∼ 10) [15] in high-energy inter-
actions is responsible for the dominant background to charm in high-energy experiments —
combinatorics — whose suppression has required tight vertex cuts. The much lower charged-
particle multiplicity (〈nch〉 ≈ 2) [15] in p collisions near open-charm threshold should enable
charm samples with cleanliness comparable to that at the B factories, with the application
of only modest cuts, and hence, high efficiency. Antiproton annihilation at the Fermilab
Accumulator may thus enable the reconstruction of clean charm-meson decay samples a
factor of ten or more larger than those of the B factories.

The competition to medium-energy p collisions is LHCb, which may have significant
systematic biases, due e.g. to trigger effects, production and detection asymmetries, and
large rates of b → c decays, and a possible “super-B factory”; whether and when such
a factory will be in operation is at present uncertain. The immediate question for us is
whether Fermilab should seek to continue to compete in this area. We believe the answer
is a clear yes.

2.2 X(3872)

Probably next in priority after charm, the X(3872) has been observed by several groups
(see Table 2) and is a well established state [15]. Despite its proximity in mass to various
charmonium levels, it does not appear to be a charmonium state itself [2]. As we will see,
pp annihilation has the potential to make uniquely incisive measurements of its properties
and thereby reveal its true nature. By scanning the Antiproton Accumulator beam energy
across the resonance, Fermilab experiments E760 and E835 made the world’s most precise
measurements of charmonium masses and widths [16, 17]. This technique offers an oppor-
tunity to precisely measure the X(3872) mass, width, and lineshape that is not possible
by any other means. Besides this precision, the other key advantage of the antiproton-
annihilation technique is its ability to directly produce charmonium states of all quantum
numbers, in contrast to e+e− machines which produce primarily 1−− states and the few

Table 2: Experimental observations of X(3872).

Expt. Year Mode Events Ref.
Belle 2003 π+π−J/ψ 35.7± 6.8 [18]
BABAR 2004 π+π−J/ψ 25.4± 8.7 [19]
CDF 2004 π+π−J/ψ 730± 90 [20]
DØ 2004 π+π−J/ψ 522± 100 [21]
Belle 2004 ω(π+π−π0)J/ψ 10.6± 3.6 [22]
Belle 2005 γJ/ψ 13.6± 4.4 [23]
Belle 2006 D0D0π0 23.4± 5.6 [24]
BABAR 2008 γψ, γψ′ 23.0± 6.4, 25.4± 7.3 [25]
BABAR 2008 D0D0π0 33± 7 [26]

3



states that couple directly to them, or (with lower statistics) states accessible in B decay or
2γ production. In addition to studying the X(3872), now that the masses of the η′c and hc
are reasonably well determined [15], detailed scans dedicated to the spectroscopy of both
states are possible, and should be performed.

2.3 Hyperons

The final physics example we consider is rare effects in hyperon decay. Two potentially
interesting hyperon signals may have been glimpsed in the Fermilab HyperCP experiment,
albeit with low statistical significance: evidence for CP violation in

(
Ξ

)∓ decay [27], and for
flavor-changing neutral currents [28] in Σ+ decay. While a dedicated experiment to follow up
each of these < 3σ effects might be hard to justify, the opportunity for substantial increases
in hyperon statistics using the same apparatus that can make the other measurements
described here is appealing. Improving on the Ξ−/Ξ+ sensitivity achieved by HyperCP is
challenging, and its feasibility using the Antiproton Accumulator is not yet clear. However,
we will be able to study Σ+ and Ω− decays, and search for Ω−/Ω+ CP violation, with
unprecedented sensitivities.2 Such studies offer a window into new physics different than,
and complementary to, those of K, B, and D studies.

3 Experimental Approach

We have proposed [29] to assemble an “upgraded E835” apparatus (Fig. 1), including a mag-
netic spectrometer, with precision vertexing and particle-identification capabilities. Since
the E835 apparatus did not include a magnet, various cross sections needed to assess ex-
periment performance and reach remain unmeasured; however, they can be estimated with
some degree of confidence. If these cross sections are of the expected magnitudes, it should
be possible with this apparatus to make the world’s best measurements of charm mixing
and CPV, as well as of the other effects mentioned above. At a minimum, besides precision
charmonium measurements, the experiment will measure several cross sections for the first
time. Because much of the equipment and infrastructure needed for this experiment are
already available, needing only to be integrated rather than to be built from scratch, we
are offered a remarkable and unusual opportunity to do important physics quickly and at
modest cost.

The E760/835 barrel calorimeter is in storage at Fermilab and can easily be reinstalled
in the AP-50 pit. A spectrometer solenoid that fits inside the calorimeter is available at
KEK. Charged-particle tracking can be done with scintillating fibers, taking advantage of
the very capable scintillating-fiber readout system from the Fermilab DØ experiment [30],
which will become available once the Tevatron finishes. Precision (δt < 10 ps r.m.s.) time-
of-flight (TOF) counters under development [31] are likely to be cost-effectively available
by the time they are needed for this experiment. High-bandwidth triggering and data-
acquisition systems will be needed, and again can exploit hardware available from DØ and
from CDF. The assembly and installation costs, summarized in Table 3, total less than
$10M, and are thus sufficiently modest to be covered largely by grants to universities. We
estimate the time from start of funding to initial shakedown at about 2 years. Apparatus
details are presented in Sec. 5, and the budget and schedule are detailed in Sec. 6.

2For convenience, inclusion of charge-conjugate decays is implied where not otherwise stated.

4



Figure 6: E835 apparatus layout (from [67]).

Figure 7: The DØ solenoid and central tracking system, drawn to the same scale as Fig. 6,
shown as currently installed within the DØ calorimeters (from [68]).
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Figure 1: Sketch of “upgraded E835” appara-
tus as discussed in text: a 1 T solenoid sur-
rounds fine-pitch scintillating-fiber detectors,
and is surrounded by precision TOF coun-
ters, all within the existing E760/835 Central
Calorimeter. A return yoke (not shown) is
needed for proper functioning of calorimeter
phototubes.
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Figure 2: World average of D0–D0 mix-
ing parameters x ≡ ∆m/Γ, y ≡ ∆Γ/2Γ:
best-fit values are x = (0.59 ± 0.20)%, y =
(0.80 ± 0.13)%, and no mixing (x = y = 0)
is disfavored by 10.2σ [32].

Table 3: Construction and Installation Budget Summary; see Sec. 6.2 for details.

Item Cost (k$) Contingency (k$)
Targets 430 160
Luminosity monitor 60 20
Scintillating-fiber tracking system 1,820 610
Time-of-Flight system*
Triggering 1,390 460
Data acquisition system 490 153
Infrastructure 1,350 550
TOTALS 5,540 1,950

∗TOF cost estimates based on the University of Chicago “Large-Area Picosecond Photo-
Detectors” project are not yet available. We have costed as a possible fallback a commercial
alternative in Table 14.

We assume pp or pN luminosity of 2 × 1032 cm−2s−1, one order of magnitude beyond
that of E835, which can be accomplished by use of a denser internal target than the E835
hydrogen cluster-jet [33]. This could be a cryogenic, frozen-hydrogen target (already under
development, as discussed in Sec. 5.2) or a thin metal wire or pellet; these would be operated
in the halo of the antiproton beam.3

3A denser cluster-jet target may also be a possibility and is under development by the PANDA collabo-
ration [34].
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4 Measurement Program

Of the suite of measurements we propose, some can be performed simultaneously, while
others must be carried out sequentially due to their specific beam-energy requirements. In
particular, precision measurements of the X(3872) require scanning of the beam energy
across the resonance in small steps, while the Ω CP-violation study requires running some-
what above the 3345 MeV threshold for pp → Ω+Ω−, and the charm-meson studies are
likely to be optimized by running at the highest available Accumulator beam energy, 8 GeV
(kinetic). We are thus proposing a measurement program, which will take approximately 4
years; the schedule is discussed further in Sec. 6. It should also be noted that the X(3872)
running requires a hydrogen target, and the charm running may benefit from one but could
also use a metal target, while the hyperon running could be done with a hydrogen or a
metal target.

We next discuss in greater detail each of the major proposed measurements.

4.1 Charm Mixing, CP Violation, and Rare Decays

After a > 20-year search, D0–D0 mixing is now established at > 10 standard deviations [32,
35] (Fig. 2), thanks to the B factories and CDF. The level of mixing (∼ 1%) is consistent
with the wide range of Standard Model predictions [4]; however, this does not preclude a
significant and potentially detectable contribution from new physics [12, 36]. Since some
new-physics models predict differing effects in the charge-2/3 (“up-type”) and –1/3 quark
sectors [12, 36], it is important to carry out such studies not only with s and b hadrons,
but with charm mesons as well — the only up-type system for which meson mixing can be
measured.

While the total charm-production cross section for ≈ 8 GeV antiprotons incident on pro-
ton or nucleon targets is challenging to compute from first principles, recent phenomenolog-
ical estimates imply values in the 1–10µb range [37, 38, 39, 40, 41, 42]. This is sufficiently
large that the experiment we propose could amass a sample ten or more times larger than
those of the B factories. For example, model-dependent calculations of the exclusive cross
section σ(pp→ D∗0D0) peak at about 1µb at

√
s ≈ 4.2 GeV [39, 41, 42] (Fig. 3; see further

discussion in Sec. 4.1.4). This corresponds to antiprotons of 8 GeV kinetic energy (the An-
tiproton Source design energy) impinging on a fixed target and, at L = 2 × 1032 cm−2s−1,
represents some 4× 109 events produced per year. Since there will also be D∗±D∓, D∗D∗,
DD, DDπ,... events, the total charm sample will be even larger, and with the use of a
target nucleus heavier than hydrogen, the charm-production A-dependence [43, 44] should
enhance statistics by a further factor of a few. The total sample could thus substantially
exceed the 109 events now available at the B factories. Indeed, we project below in excess
of 1010 tagged-D0 events produced per year of running.

By localizing the primary interactions to ∼ 10µm along the beam (z) direction, a thin
wire or frozen-hydrogen target (or perhaps a small metallic pellet suspended on a low-mass
stem) can allow the D-meson decay distance to be resolved. The low charged multiplicity
at these energies [15] implies small combinatorial background, so that clean samples can be
amassed using only modest vertex cuts, and thus, with high efficiency. Medium-energy pp
or pN annihilation may thus be the optimal way to study charm mixing, and to search for
possible new-physics contributions via the clean signature [45, 3, 12] of charm CPV.
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Figure 3: Total cross sections vs. antiproton momentum for pp→ D0D∗0 (solid) and pp→
D+D∗− (dashed) from (left) Braaten formula (Eq. 6) [40] and (right) Regge calculation of
Titov and Kämpfer [41, 42]. Given their uncertainties, these estimates are in agreement as
to the order of magnitude of the cross section.

4.1.1 D0 mixing

Several signatures for charm mixing have been observed and indicate that charm mixing is at
the upper end of the range expected in the SM [15]. These involve differing time-dependences
of “right-sign” (RS) Cabibbo-favored and “wrong-sign” (WS) D0 decays (arising both from
doubly Cabibbo-suppressed decay and from mixing), differing lifetimes of decays to CP-even
and mixed-CP final states, and Dalitz-plot analyses of 3-body D0 decays. These processes
are sensitive to various combinations of the reduced mixing parameters x ≡ ∆m/Γ, y ≡
∆Γ/2Γ. As already mentioned, mixing at the observed level could be due to SM physics,
but there could also be an appreciable or even dominant contribution from new physics,
which could be indicated by CP violation.

The first publications of statistically significant signals for D0–D0 mixing were from
BABAR [46] and Belle [47] and employed D0 → K±π∓ decays. Neglecting CP violation,
for small mixing the ratio of the WS to RS decay rates is given by

R(t) = RD +
√
RDy

′Γt+
x′2 + y′2

4
(Γt)2 . (1)

Here, RD is the rate of the doubly-Cabibbo-suppressed (DCS) D0 → K+π− decay, and x′

and y′ are “rotated” mixing parameters:

x′ = x cos δKπ + y sin δKπ , (2)
y′ = −x sin δKπ + y cos δKπ , (3)

where δKπ is the strong phase difference between the DCS and Cabibbo-favored (CF) am-
plitudes. Sensitivity to small mixing arises from the second term on the left-hand side of
Eq. 1, due to interference between DCS decay and mixing. RS and WS decays are identified
using D∗ tagging via D∗+ → π+

s D
0: RS decays have a slow pion, πs, of the same sign as

the pion from the D0, while WS decays have the pion signs opposite each other. BABAR
obtained y′ = [9.7±4.4 (stat)±3.1 (syst)]×10−3, with x′ consistent with zero. Although the
1σ error gives the impression that this result is of marginal significance, BABAR found the
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no-mixing hypothesis to be inconsistent with their result by 3.9 standard deviations. CDF
employed a similar technique, obtaining y′ = (8.5± 7.6)× 10−3, with no mixing disfavored
by 3.8 standard deviations [48].

Belle observed a lifetime difference of [1.31± 0.32 (stat)± 0.25 (syst)]% between the CF
decay to a mixed-CP state, D0 → K−π+, and the CS decays to CP-even states, D0 →
KK/ππ [47]. This measures yCP (= y in the limit of CP conservation):

yCP =
〈τKπ〉
〈τhh〉

− 1 , (4)

where 〈τhh〉 = (τD
0

hh + τD
0

hh )/2 is the average lifetime of D0 and D0 to K+K− and π+π−.
BABAR subsequently used this technique as well, obtaining yCP = [1.24 ± 0.39 (stat) ±
0.13 (syst)]% for tagged [49] and yCP = [1.12 ± 0.26 (stat) ± 0.22 (syst)]% for untagged
events [13].

In subsequent analyses, Belle [50] and BABAR [51] employed D0 → KSπ
+π− and

D0 → KSK
+K− decays, comparing the Dalitz plots as a function of decay time for D0 and

D0. This technique (previously pioneered by CLEO [52]) has the virtue of measuring x and y
directly, independent of strong phases. The Belle analysis gives x = (0.80±0.29+0.09+0.10

−0.07−0.14)%
and y = (0.33 ± 0.24+0.08+0.06

−0.12−0.08)% neglecting CP violation (the results allowing for CP vio-
lation differ only slightly from these).

These and other D-mixing measurements have been averaged by the Heavy Flavor Av-
eraging Group (HFAG) [32] to obtain the results illustrated in Fig. 2. The no-mixing point
(x = y = 0) is excluded at 10.2σ, x is nonzero at 3.2σ, and y is nonzero at 4.8σ. Since these
mixing results are compatible with the high end of SM predictions, we turn to CP violation
for possible evidence of new physics.

Three CPV parameters that may be extracted from these analyses are AD, AM , and
φ, characterizing CP violation in decay, in mixing, and in interference between decay and
mixing, respectively [53]. So far the CPV analyses are consistent with CP conservation, with
limits on these parameters typically at the few-to-several-percent and several-degree levels.
As an example, one of the best individual limits is ACP (K∗(892)∓π± → KSπ

+π−) < 0.3%
in D0 → K∗−π+, D0 → K∗+π−, from a Dalitz-plot fit by CLEO [54] using 4,854 events.
Based on the assumptions of Table 4 (discussed in Sec. 4.1.4), we would expect more than
103 times as many events in our experiment, improving the limit to 0.90 × 10−4 or less, if
both the statistical and systematic uncertainties scale as

√
N .

To summarize, given the kinematic similarities between the B factory D samples and
that in our proposed experiment, we anticipate performing all of these mixing analyses with
significantly greater sensitivity than has been achieved heretofore. (Systematic uncertainties
have typically improved with increasing statistics.) For brevity we have omitted discussion
of semileptonicD decays (in which to date significant mixing has not been observed), but our
proposed experiment will measure them as well. Our sensitivity in semileptonic decays will
depend on the efficiency and purity of lepton identification, which we have not yet simulated.
In hadronic modes, we could be the world’s most sensitive experiment, exceeding current
B-factory statistics by a factor of 10 or more, and perhaps in semileptonic modes as well.

4.1.2 Direct CP violation

As mentioned above, there is sensitivity in charm mixing to direct as well as indirect CPV,
but there can also be direct CPV that shows up independent of mixing, e.g., in partial-rate
asymmetries of charged or neutral D’s. Direct CP violation in charm decay is expected in

8



the Standard Model at the ∼ 10−3 level [3], but only for singly Cabibbo-suppressed decays,
for which tree and penguin diagrams can interfere, leading to partial-rate asymmetries:

A ≡ Γ(D → f)− Γ(D → f)
Γ(D → f) + Γ(D → f)

6= 0 . (5)

In the Standard Model, CP is conserved in CF and DCS charm decay, as there is only
one type of SM diagram (the tree diagram) contributing to these modes. Any direct CPV
in CF or DCS modes would thus be a clear indication of new physics [3]. Asymmetries
in all three decay-mode categories could reach ∼ 10−2 in such scenarios as non-minimal
supersymmetry [55] and left-right-symmetric models [56, 9]. For such an asymmetry to
be observable, in addition to the weak phase difference, there must also be an appreciable
strong phase difference; due to nearby resonances, there do seem to be large final-state
phases in a number of charm decay modes [3], favoring the observability of direct CPV via
partial-rate asymmetries in charm decays.

Additionally, K0 mixing leads to SM CP asymmetries of ≈ 2Re(εK) = 3.3×10−3 in such
modes as D+ → KSπ

+ and KS`ν [57, 3], which should be observable in our experiment and
could constitute a calibration for the experimental systematics of partial-rate asymmetries
at the 10−3 level. Experimental partial-rate-asymmetry sensitivities have yet to reach this
level [15].

Since partial-rate asymmetries can be faked by production asymmetries (even in pp colli-
sions, given nonuniform solid-angle coverage), or by particle/antiparticle detection asymme-
tries due to differing π+/π− and K+/K− interaction cross sections in matter, it is important
to have control signals. One approach is to use other signals, e.g., hyperon decay products
and charged and neutral K’s produced in association with hyperons (of which very large
numbers will be available in this experiment), to calibrate the detection-efficiency asymme-
tries; more work will be required in order to evaluate how well this can be made to work.
Another approach is to look for partial-rate differences normalized to rates observed in CF
modes, which is how this physics has been pursued in previous fixed-target experiments.
For example, FOCUS [58] achieved a sensitivity of 0.14 in the DCS mode D0 → K+π−.
The current best measurement in this mode, from BELLE [59], has a 1σ uncertainty of
0.047 based on 4024 events. This approach should allow sensitivity at or below the 3×10−3

level in our experiment.

4.1.3 Rare charm decays

Another important benchmark for new-physics reach in charm is leptonic decays. An ex-
ample is D0 → µ+µ−, whose branching ratio in the Standard Model has been estimated as
∼ 3 × 10−13, but can be enhanced by new physics to as much as ∼ 4 × 10−7 [3], possibly
observable in BES-III as well as LHCb. The best current limit, 4.3×10−7 from CDF, already
constrains SUSY models [60]. With (see Table 4) over 2× 1010 charm events produced and
acceptance × efficiency ∼ 0.05, our sensitivity could rival or exceed the 3 × 10−8 (at 90%
C.L.) estimated for BES-III [3]. However, more work will be required (and is in progress) to
assess the likely pion rejection from the TOF and calorimeter. Similar statements apply for
other flavor-changing-neutral-current, as well as lepton-number or -flavor-violating, modes
such as Kµµ, Kee, Kµe, etc. For all of these modes, the best limit from any approved
experiment is expected to come from BES-III and to be statistics (not systematics) limited.
In comparison, based on the assumptions used here, in each year of operation at 8 GeV our
proposed experiment will amass over 27 times the statistics of BES-III.
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Table 4: Example sensitivity estimate for D∗-tagged D0 → Kπ decays (after Ref. [40]).
(Note that the reliability of some of these values remains to be confirmed in detail. They
are based on an exclusive cross-section estimate, so the inclusive production rate could be
significantly higher, but the cross section, luminosity, or efficiency could also be lower.)

Quantity Value Unit
Running time 2× 107 s/yr
Duty factor 0.8*

L 2× 1032 cm−2s−1

Annual integrated L 3.2 fb−1

Target A 47.9
A0.29 3.1

σ(pp→ D∗+ + anything) 1.25 µb
# D∗± produced 2.5× 1010 events/yr
B(D∗+ → D0π+) 0.677
B(D0 → K−π+) 0.0389

Acceptance 0.45
Efficiency 0.1

Total 2.8× 107 events/yr
∗Assumes ≈ 15% of running time is devoted to antiproton-beam stacking.

4.1.4 Charm cross-section and sensitivity estimates

An example sensitivity estimate, which should be compared with 1.2×106 tagged D0(D0)→
K∓π± events observed in 0.54 ab−1 of data at Belle [47], is given in Table 4. It is based on
Braaten’s formula [40],

σ[pp→ D∗0D0; s] ≈
(
mD∗ +mD√

s

)6 λ1/2(s1/2,mD∗ ,mD)
[s(s− 4m2

p)]1/2
× (4800 nb) , (6)

where
λ(x, y, z) = x4 + y4 + z4 − 2(x2y2 + y2z2 + z2x2) . (7)

Equation 6 applies to the D∗0D0 exclusive final state, which however does not yield tagged
D0 decays, since the slow π0 or gamma emitted in the D∗0 decay to D0 is not flavor-
specific. To assess the reach in tagged-D0 events, we must consider such exclusive final states
as D∗+D−, D∗+D∗−, D∗+D−π0, D∗+D0π−, D∗+D0π−π0 (and charge-conjugate modes).
Two-thirds of all D∗+ decays are in the flavor-specific π+D0 mode, in which the charge of
the slow pion tags the initial charm flavor of the D meson.

Braaten obtains Eq. 6 by relating the pp→ D∗0D0 cross section to that for pp→ K∗+K−

(see Fig. 4), for which measurements are available from the Crystal Barrel experiment at
LEAR [61] and from earlier bubble-chamber experiments [62]. This involves a kinematic
extrapolation from well above threshold (where the exclusive cross section is an order of
magnitude below its peak value) to the peak of the cross section. He estimates the uncer-
tainty as a factor of 3 in either direction. Following his example, the best way to estimate
the cross section for D∗± production may be to relate it to measured pp-annihilation cross
sections to final states including K∗0 (see Fig. 5). Some of these are available in Ganguli et
al. [62]. As shown in Table 5, their sum of (860±60)µb substantially exceeds the size of the
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Figure 4: Comparison of leading Feynman diagrams for pp → D∗0D0 and pp → K∗+K−;
they differ only in the replacement of final-state charm quarks with strange quarks.
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Figure 5: Some leading Feynman diagrams for pp→ K∗Kπ, pp→ D∗Dπ, and pn→ D∗Dπ;
note that compared with those of Fig. 4, these diagrams require only one pair of initial-state
quarks to annihilate, thus may be less suppressed than those of Fig. 4.

K∗+K− cross section as observed by Crystal Barrel, (460±50)µb, as well as that of Ganguli
et al., (400± 20)µb. Since other final states containing K∗0 are also possible besides those
of Table 5, we take this as only a “subtotal”; i.e., the inclusive K∗0 cross section should be
larger than this. Similarly, the inclusive D∗+ cross section could be larger than estimated
here, both because of additional final states and due to the extrapolation uncertainty in
Braaten’s formula. Thus a total charm cross section in 8 GeV p annihilation in the range
0.5–5µb is not unlikely. (This does not take into account the further enhancement of the
charm-to-total-cross-section ratio due to A-dependence [43, 44].)

Additional cross-section estimates in the literature confirm the above range without
reducing its uncertainty. Titov and Kämpfer [41] use a Regge approach, with the values
of various free parameters determined from measured pp→ KK and hyperon-antihyperon
cross sections. Their focus on FAIR led them to consider in Ref. [41] 15 GeV/c antipro-
tons, rather than the 8.9 GeV/c which is the maximum p momentum at the Accumulator;
however, Titov has recently provided [42] exclusive total DD∗ cross-section predictions vs.
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Table 5: Various exclusive pp cross sections to final states containing K∗0 (from [62]) at
≈ 750 MeV p kinetic energy. (Note that KL was unobserved in [62]; we assume the cross
sections for KL and KS are equal.)

Mode σ (µb) Error (µb)
K∗0KS 150 20
K∗0KL 150* 20*
K∗0KSπ

0 70 10
K∗0KLπ

0 70* 10*
K∗0K±π∓ 240 40
K∗0K∗0 180 25
Sum 860 57

* assumed.

158 C. Lourenço, H.K. Wöhri / Physics Reports 433 (2006) 127 –180
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Fig. 16. Total cc̄ production cross-sections for fixed-target energies (left) and up to
√

s=200 GeV (right). Open symbols indicate the pp measurements.

Table 12
K-factors which provide the best description of the cc̄ data in pp and p–A collisions, for each PDF set. The last three columns give the elementary
pp cross-sections calculated by Pythia with these K-factors, for three different energies, given in GeV

PDF set K-factor !2/ndf "cc̄ (!b)

Elab = 158 GeV Elab = 400 GeV
√

s = 200 GeV

CTEQ6L (2002) 3.0 1.5 3.6 17.3 796
MRST LO (2001) 3.7 0.8 4.8 18.3 436
GRV LO (1998) 4.5 0.7 5.2 18.2 560

CTEQ6M (2002) 2.5 0.8 4.6 18.3 425
MRST c–g (2001) 2.7 1.0 3.9 17.9 520

The K-factors have a relative uncertainty of around 7%.

after the curves are normalised using the available fixed target data, and given the somewhat different shapes of the
calculated curves, it turns out that at

√
s=200 GeV the estimated cc̄ cross-section is 35% higher with mc =1.7 GeV/c2

and 30% lower with mc = 1.3 GeV/c2, with respect to the default value. The results are summarised in Table 13.
Different definitions of the squared energy–momentum transfer, Q2, can be used. To evaluate the influence of this

setting on our results, we replaced Pythia’s default, equivalent to Q2 = m̂2
T in the processes we are studying, by Q2 = ŝ,

the choice of Refs. [109,110]. Fig. 18 shows the effect of using these two different Q2 definitions on the cc̄ cross-section,
keeping mc = 1.5 GeV/c2 and using the CTEQ6L PDFs.

We see that using ŝ as the Q2 definition leads to significantly lower cross-sections with respect to the values obtained
when using Pythia’s default setting. The difference is energy dependent: at low energies the cross-sections obtained
with the ŝ definition are around 3 times lower, while at

√
s = 200 GeV the difference reduces to a factor of 2. Once the

curves are scaled up to describe the data, the steeper rise with
√

s of the Q2 = ŝ curve leads to 60% higher cross-sections
at

√
s = 200 GeV, with respect to the values obtained with the default setting. The results are summarised in Table 14.

Calculations with other PDF sets give comparable results.
These calculations show that the cc̄ production cross-section at

√
s =200 GeV, as derived from Pythia’s calculations

normalised by the existing SPS, FNAL and HERA-B measurements, can vary by ±30% due to the use of different
sets of PDFs and by around ±30% if the c quark mass is changed by ±15%. Furthermore, using Q2 = ŝ, as done
by some experiments, leads to a 60% higher cc̄ cross-section at

√
s = 200 GeV. From Table 12, where we used the

SVD-2

Figure 6: Total cross sections for pp → cc from (left) Ref. [44] and (right) Ref. [65] (after
Ref. [64]).

antiproton momentum, shown in Fig. 3(right). For D0D∗0 these are lower than obtained us-
ing Braaten’s formula by a factor of 6. (Given the uncertainties of low-momentum-transfer,
non-perturbative QCD, Braaten views this as agreement with his estimate [63].)

Lourenço and Wöhri have surveyed the charm-production literature [44]. As suggested
by Fig. 6, the extrapolation from the 210 GeV pp data of E769 down to 8.9 GeV pp is
fraught with uncertainty, and this uncertainty is not reduced by the QCD parametrizations
shown on the figure. Also shown in Fig. 6 are results from a more recent compilation by
Frawley, Ullrich, and Vogt [64], as updated with an additional data point from the 70 GeV
SVD-2 experiment performed at Serpukhov [65] — the lowest energy for which pN charm
cross sections have been published. The SVD-2 result, σ = 7.1 ± 2.4 ± 1.4µb/nucleon,
seems to imply a low-energy trend rather different than that of the QCD extrapolations —
hardly surprising, since the behavior of the cross section near threshold is unlikely to be
captured by perturbative calculations. Indeed, the lowest-energy cross-section values seem
to be falling with decreasing energy more slowly than predicted by perturbative QCD. This
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Table 6: Key parameters of simulated detectors.

Parameter Value Unit
Target (D study):

material Al
configuration wire
diameter 30 µm

Target (X study):
material H2

configuration cluster jet
Beam pipe:

material Be
diameter 5 cm
thickness 350 µm

Solenoid:
length 1.6 m
inner diameter 90 cm
field 1 T

SciFi detectors:
total thickness per doublet 360 µm
fiber pitch 272 µm
fiber diameter 250 µm
number of stations 8
number of views 3
number of channels ≈90,000

Table 7: Detector positions used in
simulations (target is at z = 0).
All detector planes assumed to cover
2.54 to 40.6 cm in radius.

SciFi station z Unit
1 8.76 cm
2 20.83 cm
3 36.19 cm
4 54.86 cm
5 76.83 cm
6 102.11 cm
7 130.68 cm
8 162.5 cm

is one more piece of supporting evidence for ∼µb charm production in 8 GeV antiproton
annihilation.

4.1.5 Charm Monte Carlo and background studies

We have carried out simulations of charm events with the apparatus of Fig. 1; key parameters
of the simulation are given in Tables 6 and 7. In particular we studied pn→ D∗−D0, with
subsequent decays D∗− → π−s D

0, D0 → K+π−, for which we find the D∗− geometric
acceptance to be 45%, with ≈ 0.75% mass resolution and 0.46 MeV/c2 resolution on the
D∗–D mass difference. Figures 7–10 show some results from the charm Monte Carlo study,
indicating r.m.s. resolutions in D∗ and D0 mass and D∗–D0 mass difference of 14.9, 14.9,
and 0.46 MeV/c2, respectively, and vertex z resolution of 150µm.

We do not expect Monte Carlo simulations to be reliable for estimation of the combina-
toric (continuum) background under the D peak. To estimate the combinatoric background,
we therefore rely on a preliminary analysis of events from the MIPP experiment [66], using
a 20 GeV p beam (the lowest energy for which a useful amount of data was available) and
scaling the laboratory-frame longitudinal momenta of all secondaries by a factor 0.65 to
approximate the effect of running at 8 GeV.4 We searched the MIPP data sample for events

4The lab-momentum scale factor was determined by comparing the longitudinal-momentum distributions
from Monte Carlo simulations of D∗ production and decay at 20 GeV and 8 GeV beam energies; we note
that it is close to the ratio of

√
s at the two energies. This procedure is conservative in that it neglects the

13
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Figure 7: Magnetic-field dependence of a) number of events accepted (out of 4,000 thrown),
b) decay-distance resolution, c) D0 mass resolution, and d) D∗–D0 mass-difference resolu-
tion. Above ≈ 1 T, spectrometer performance improves only slightly.
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Figure 8: Transverse-momentum (pt) histograms for charged pions from accepted tagged-
D0 events. The “slow” (left histogram) and “fast” pions (right histogram) are seen to have
non-overlapping pt distributions, thus there is no ambiguity in event reconstruction as to
which is which. (The pt distribution of the kaon is similar to that of the fast pion.)

containing three charged hadrons, two of one sign and one of the other, consistent with be-
ing decay products of a D∗+ → π+

s D
0, D0 → K−π+ or D∗− → π−s D

0, D0 → K+π− decay
sequence. We find 1.3±0.5 such events within the 2σ D0 mass and D∗+-D0 mass-difference
windows (see Fig. 11), corresponding to a continuum cross section of approximately 1µb
before hadron-ID and vertex cuts. This MIPP sensitivity is far from what is needed to see
actual charm decays, since the D∗+ → D0π+ and D0 → K−π+ branching ratios (0.677 and
0.0389, respectively [15]) mean that for a 1µb D∗+ cross section, only 0.05 events would be
expected. However, it suffices for an estimate of the continuum background under the D0

peak.
We can then estimate the D∗-tagged D0 → K−π+ signal-to-background ratio as follows:

• Per Table 4, the integrated luminosity in a year is 3.2 fb−1, or 3.2× 109 events/µb.

• For the purposes of this estimate we take the sum of inclusive D∗+ and D∗− cross

reduction in charged-particle multiplicities and transverse momenta at 8 GeV compared to 20 GeV.
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Figure 9: (left to right) Histograms of D∗ and D0 mass, and D∗-D0 mass difference, indi-
cating r.m.s. resolutions of 14.9, 14.9, and 0.46 MeV/c2, respectively.
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Figure 10: Monte Carlo simulation of D0 decay-vertex distribution (solid histogram) as
reconstructed in 272-µm-pitch scintillating-fiber detectors, compared with that of random
hadron pairs (dashed histogram).

sections in 8 GeV p -Ti collisions to be 2× 1.25µb× 47.90.29 = 7.7µb.

• This implies 2.5×1010 D∗+ or D∗− produced per year; applying the product branching
ratio for the π+

s K
−π+ final state and the 45% spectrometer acceptance, we have

2.8× 108 signal events before analysis cuts.

• The corresponding continuum background under the D0 peak is (per the discussion
above) ≈ 1µb× 3.2× 109 events/µb× 0.45 = 1.4× 109 events.

• The continuum background estimate, however, corresponds mostly to misidentified
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m(K∓π±) (GeV/c2) m(π±s K
∓π±)−m(K∓π±) (GeV/c2)

Figure 11: (Left) Histogram of reconstructed K∓π± mass (in GeV/c2) from MIPP analysis;
(right) histogram of reconstructed D∗-D mass difference (in GeV/c2) for MIPP events with
K∓π± mass within 2σ of D0: signal bin is |m(π±s K

∓π±)−m(K∓π±)− 0.1455 GeV/c2| <
0.92 MeV/c2.

π±π∓π± events,5 and since only about 6% of 8 GeV pp interactions have charged
kaons [67, 68], we estimate a signal-to-background ratio of about 3-to-1 before vertex
cuts.

As mentioned above, we find 150µm resolution in decay-vertex z (Fig. 10), while the mean
D0 decay distance is 325µm, allowing > 100-to-1 signal-to-background after vertex cuts
with efficiency > 10%. (Note that the 300µm z-vertex cut employed in this analysis is 50%
efficient; we have estimated a 10% efficiency in Table 4 because there will be other cuts and
inefficiencies as well.) In particular, assuming the parameters of Table 4, we could expect
to reconstruct 2.8×107 tagged D0 → K−π+ events per year, to be compared with 1.2×106

events in the largest published sample to date [47], based on 540 pb−1 of data taken at
Belle.6

(It is worth noting here that the role of kaon identification in this analysis is to im-
prove the signal-to-background ratio in order to allow sensitive measurements of mixing
and searches for CPV, whereas the charm production cross section can be measured with-
out hadron-ID. In this scenario, each Kπ candidate event is entered twice in the mass
histogram, once as K−π+ and once as K+π−. The correctly identified events will form a
narrow peak, above a broad background of incorrectly identified ones; this approach works
also for other decay modes. Thus, if necessary, the TOF counters can be added as an up-
grade subsequent to the start of data-taking, as discussed in Sec. 5.5. The TOF detectors
play a larger role in the charm running than in hyperon or X(3872) running, where there are
sufficient kinematic constraints to identify secondaries correctly without PID information.)

5We did not attempt to use the MIPP hadron-ID detectors due to the events being in a difficult momentum
range for those detectors.

6We also note that the Belle result — a D0 → Kπ vs. D0 → KK/ππ lifetime difference of (1.31± 0.32±
0.25)% — has comparable statistical and systematic uncertainties. Thus the precision in a super-B factory
may well not improve with increased statistics by as large a factor as naively expected.
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a b

Figure 12: (Left) Mass spectrum for 3-track final states consistent with being single-vertex
pµ+µ− events in HyperCP positive-beam data sample: (a) wide mass range (semilog scale);
(b) narrow range around Σ+ mass; (c) after application of additional cuts as described
in Ref. [28]. (Arrows indicate mass of Σ+.) (Right) Dimuon mass spectrum of the three
HyperCP Σ+ → pµ+µ− candidate events compared with Monte Carlo spectrum assuming
(a) SM virtual-photon form factor (solid) or isotropic decay (dashed), or (b) decay via a
narrow resonance X0. The mass distribution is consistent with a new narrow resonance,
with 2.4σ significance.

4.2 Hyperon CP Violation and Rare Decays

Hyperon CP asymmetries probe parity-conserving currents, hence can potentially provide
information about new physics that is complementary to that from the B and K systems.
Hyperon CPV experiments have yet to reach Standard Model (CKM) sensitivity levels,
but possible new-physics contributions can stand out against the small CKM background
and be detected. The world’s largest hyperon samples are from the Fermilab HyperCP
Experiment [69], including 2.5×109 reconstructed

(
Ξ

)∓ decays and 1010 produced Σ+. The
main HyperCP goal was to substantially advance sensitivity to the

(
Ξ

)∓ → (
Λ

)
π∓ decay-

angle CP asymmetry, A ≡ (α+ α)/(α− α) [70], where α (α) is the hyperon (antihyperon)
longitudinal parity-violation parameter [71]. In this it succeeded, extending sensitivities by
some two orders of magnitude over previous results.

HyperCP observed unexpected possible signals at the > 2σ level for new physics in the
rare hyperon decay Σ+ → pµ+µ− [28] (Fig. 12) as well as in the CP asymmetry AΞΛ ≈
AΞ + AΛ = [−6.0 ± 2.1 (stat) ± 2.0 (syst)] × 10−4 [27]. It also set the world’s first limit on
CPV in Ω− decay: AΩΛ = [−0.4± 9.1 (stat)± 8.5 (syst)]× 10−2 [72]. Since the pp→ Ω+Ω−

threshold lies in the same mass region as charmonium, the proposed experiment can further
test these observations using Ω− → Ξ−µ+µ− decays and potential

(
Ω

)∓ CPV, signaled
e.g. by possible small Ω–Ω decay-rate differences in

(
Λ

)
K∓ or

(
Ξ

)0π∓ final states [73].
Note that while the HyperCP evidence is suggestive of the range of possible new-physics
effects in hyperon decay, more generally, high-sensitivity hyperon studies are well motivated
irrespective of the HyperCP signals.

While CPT symmetry requires the lifetimes of particle and antiparticle to be identical,
partial-rate asymmetries violate only CP. For most hyperon decays, partial-rate asymme-
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tries are expected to be undetectably small. However, this need not be the case for Ω− de-
cays to ΛK− and Ξ0π−, for which the particle/antiparticle partial-rate asymmetries could
be as large as 2 × 10−5 in the Standard Model and one to two orders of magnitude larger
if non-SM contributions are appreciable [73]. These are quantities for which there are no
previous measurements. The quantities to be measured are

∆ΛK ≡ Γ(Ω− → ΛK−)− Γ(Ω+ → ΛK+)
Γ(Ω− → ΛK−) + Γ(Ω+ → ΛK+)

, ∆ΛK ≡
Γ(Ω− → Ξ0π−)− Γ(Ω+ → Ξ0π+)
Γ(Ω− → Ξ0π−) + Γ(Ω+ → Ξ0π+)

(8)

≈ 1
2Γ

(Γ− Γ) (9)

≈ 0.5 (1−N/N) , (10)

where in the last step we have assumed equal numbers (N) of Ω and (N) of Ω events, as
would be the case in the experiment proposed here. As a benchmark, sensitivity at the
10−4 level thus requires O(107) reconstructed events. Measuring such a small branching-
ratio difference reliably will require the clean, exclusive event sample produced less than a
π0 mass above threshold, or 4.94 < pp < 5.44 GeV/c. As detailed below, running at this
momentum, we expect to obtain 108 exclusive pp→ Ω+Ω− events.

Besides partial-rate differences, other possible new-physics signals in Ω decay include
decay-angle asymmetries [72], T -odd asymmetries in e.g. Ω− → Ξ−π+π− [74], and confir-
mation of the HyperCP Σ+ → pµ+µ− signal in Ω− → Ξ−µ+µ−, where, due to the greater
Q value, the branching ratio is expected to be of O(10−6) if the X0 possibly observed in
HyperCP is real [75].7 The experiment we propose will extend sensitivities in all such sig-
natures. (The recent negative evidence for X0 → µ+µ− in K [76] and B decays [77] does
not rule out the possibility that the “HyperCP particle” is real, but merely restricts its
parameter space, since the B0 and K0 decay modes in question probe different couplings of
the X0 than those in hyperon decay [78].)

4.2.1 Hyperon sensitivity estimates

There have been numerous measurements of hyperon production by low-energy antiprotons.
Johansson et al. [82] report cross sections measured by PS185 at LEAR, but the maximum
LEAR p momentum (2 GeV/c) was insufficient to produce Ξ’s or Ω’s. Chien et al. [83]
report measurements of a variety of hyperon final states, performed with the BNL 80-inch
liquid-hydrogen bubble chamber, in a 6.935 GeV/c electrostatically separated antiproton
beam at the AGS; Baltay et al. [84] summarize data taken at lower momenta. In 80,000
pictures Chien et al. observed some 1,868 hyperon or antihyperon events, corresponding to
a total hyperon-production cross section of 1.310± 0.105 mb [83]. The corresponding cross
section measured at 3.7 GeV/c was 720 ± 30µb, and 438 ± 52µb at 3.25 GeV/c [84] (see
Fig. 13). The inclusive hyperon-production cross section at 5.4 GeV/c is thus about 1 mb.
At L = 2×1032 cm−2s−1 this amounts to some 2×105 hyperon events produced per second,
or 2× 1012 per year.

To estimate the exclusive pp → ΩΩ cross section requires some extrapolation, since it
has yet to be measured (moreover, even for pp→ Ξ+Ξ− only a few events have been seen).
A rule of thumb is that each strange quark costs between one and two orders of magnitude

7Such a particle, if confirmed, could be evidence for nonminimal supersymmetry [79] or other new
physics [80, 81].
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Figure 13: Cross sections (in mb) for various pp processes vs. momentum and
√
s (from

[83]).

Table 8: Measured and estimated pp →hyperon-antihyperon cross sections just above
threshold.

Reaction p momentum Cross section Ref.
pp→ ΛΛ 1.642 ≈ 65µb [82]
pp→ Ξ−Ξ+ 2.9 ≈ 2µb∗ [84, 86]
pp→ Ω−Ω+ 5.4 ≈ 60 nb –

* While the cross section at 2.9 GeV/c p momentum threshold has not been measured,

that at 3.5 GeV/c has been and is shown here.

in cross section, reflecting the effect of the strange-quark mass on the hadronization process.
This is borne out by e.g. HyperCP, in which 2.1× 109 Ξ− → Λπ−and 1.5× 107 Ω− → ΛK−

decays were reconstructed [69]; given the 160 GeV/c hyperon momentum and 6.3 m distance
from HyperCP target to decay pipe, this corresponds to ≈ 30 Ξ−’s per Ω− produced at the
target. A similar ratio is observed in HERA-B [85]. In exclusive pp→hyperon-antihyperon
production there could be additional effects, since as one proceeds from Λ to Ξ to Ω fewer
and fewer valence quarks are in common between the initial and final states. Nevertheless,
the cross section for Ξ+Ξ− somewhat above threshold (pp ≈ 3.5 GeV/c) is ≈ 2µb [84, 86, 87],
or about 1/30 of the corresponding cross section for ΛΛ. Thus the ≈ 65µb cross section
measured for pp → ΛΛ at pp = 1.642 GeV/c at LEAR [82] implies σ(pp → ΩΩ) ≈ 60 nb at
5.4 GeV/c (Table 8).

The forgoing extrapolation implies ≈ 108 ΩΩ events produced per year. For detector
acceptance times efficiency of 50% and given the various branching ratios, an estimated
1.4 × 107 events each in Ω− → Ξ0π− and Ω+ → Ξ0π+ are observed, and 4.1 × 107 events
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each in Ω− → ΛK− and Ω+ → ΛK+, giving the following statistical sensitivities for partial-
rate asymmetries:

δ∆Ξπ ≈
0.5√
NΞπ

≈ 1.3× 10−4 , (11)

δ∆ΛK ≈
0.5√
NΛK

≈ 7.8× 10−5 . (12)

At these sensitivies, if the CP asymmetry in Ξ− → Λπ− is as large as suggested by HyperCP,
one might expect to see signals in one or both of these Ω decay modes. Note that in
pp → ΩΩ, no valence quarks are in common between the initial and final states, thus
the Ω and Ω should have similar kinematics, thereby minimizing systematic uncertainties.
(Further in the future — but beyond the scope of this Proposal — an additional, dedicated
p storage ring could decelerate antiprotons to the ΛΛ, Σ+Σ−, and Ξ−Ξ+ thresholds, where
an experiment at 1033 luminosity might amass the clean, > 1010-event samples needed to
confirm or refute the HyperCP evidence [27] for CP asymmetry in the Ξ− → Λπ− decay
sequence;8 the feasibility of such a precise measurement has been argued in [87].)

In addition, the measured ≈ 1 mb cross section for associated production of inclusive
hyperons [83] would mean ∼ 1012 Σ+ events produced per year, which could directly con-
front the HyperCP evidence (at ≈ 2.4σ significance) for a possible new particle of mass
214.3 MeV/c2 in the three observed Σ+ → pµ+µ− events (Fig. 12).

4.3 Precision Measurements in the Charmonium Region

Using the Fermilab Antiproton Source, experiments E760 and E835 made the world’s most
precise measurements of charmonium masses and widths [16, 17]. This precision (< 100 keV)
was enabled by the small energy spread of the stochastically cooled antiproton beam and the
absence of Fermi motion and negligible energy loss in the H2 cluster-jet target. Although
charmonium has by now been extensively studied, a number of questions remain, most
notably the nature of the mysterious X(3872) state [2] and improved measurement of hc
and η′c parameters [88]. The width of the X may well be small compared to 1 MeV [89].
The unique precision of the pp energy-scan technique is ideally suited to making the precise
mass, lineshape, and width measurements needed to test the intriguing hypothesis that the
X(3872) is a D∗0D0 molecule [90]. As shown in Fig. 14, in the molecular hypothesis, the
lineshape of the X(3872) will be distinctive and will depend on decay mode. For optimal

√
s

resolution, these measurements will require the use of a hydrogen target: either an improved
version of the E835 gas jet or a windowless, frozen-hydrogen target [91] (see below).

The formation cross section of X(3872) in pp annihilation has not been measured, but
it has been estimated to be similar in magnitude to that of the χc states [92, 40]. In E760,
the χc1 and χc2 were detected in pp → χc → γJ/ψ (branching ratios of 36% and 20%,
respectively [15]) with acceptance times efficiency of 44 ± 2%, giving about 500 observed
events each for an integrated luminosity of 1 pb−1 taken at each resonance; at the mass
peak, 1 event was observed per nb−1 [93]. The lower limit B[X(3872) → π+π−J/ψ] >
0.042 at 90% C.L. [94] implies that in a day at the peak of the X(3872) (8 pb−1× [1000
events/pb−1]× 0.04/0.36× acceptance-efficiency ratio of final states of ≈ 50%), about 500
events would be observed. Even if the formation cross section is an order of magnitude less

8Whether the needed statistics at Ξ−Ξ+ threshold can be reached with the existing Accumulator depends
on the efficiency of decelerating in the Accumulator to ≈ 3.5 GeV/c, which is not yet clear.
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FIG. 3: Line shapes of X(3872) for γre + iγim = 47.5 MeV. The curves are the line shape in
J/ψ π+π− (solid line), the line shape in D0D̄0π0 (dashed line), and the D∗0D̄0 energy distribution
(dash-dotted line). The two line shapes have been normalized so the resonances below the threshold
have the same peak height.

experimental resolution.

IV. ENERGY DISTRIBUTIONS FOR THE D0D̄0π0 DECAY CHANNEL

In this section, we summarize the essential aspects of the line shape of the X(3872)
in the D0D̄0π0 channel. We also determine the energy distribution that follows from the
identification of D0D̄0π0 events with energy near the D∗0D̄0 threshold with D∗0D̄0 and
D0D̄∗0 events above the threshold.

In the decay B+ → K+ + D0D̄0π0, the momentum distributions for D0D̄0π0 near the
X(3872) resonance can be calculated from the sum of the two diagrams in Fig. 5. The open
dot represents the B+ → K+ transition which creates a D∗0D̄0 or D0D̄∗0 at short distances.
The double line represents the exact propagator for the resonant superposition of D∗0D̄0

and D0D̄∗0, whose dependence on the total energy E of D0D̄0π0 is given by the scattering
amplitude f(E) in Eq. (2). In the propagators for the virtual D∗0 and D̄∗0, the width Γ∗0
must be taken into account. The coupling of the π0 to the charm mesons is linear in the
pion momentum. The differential distribution in the total energy E and in the momenta
pD, pD̄, and pπ of the D0, D̄0, and π0 has the form

dΓ ∝ |f(E)|2 p2
π

∣∣∣∣
1

p2
D − 2µE − iµΓ∗0

+
1

p2
D̄
− 2µE − iµΓ∗0

∣∣∣∣
2

dΦDD̄π dE . (13)

The differential 3-body phase space dΦDD̄π includes a delta function that relates the energy
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FIG. 4: Line shapes of X(3872) for γre + iγim = (38.4 + 12.0i) MeV. The curves are the line
shape in J/ψ π+π− (solid line), the line shape in D0D̄0π0 (dashed line), and the D∗0D̄0 energy
distribution (dash-dotted line). The two line shapes have been normalized so the resonances below
the threshold have the same peak height.

π0
π0

D0 D0

D̄0 D̄0

D∗0

D̄∗0

FIG. 5: Diagrams for the production of D0D̄0π0. The open dot represents the B → K transition
that creates D∗0D̄0 or D0D̄∗0 at a short-distance scale. The double line represents the propagation
of the resonant linear combination of the pair of charm mesons. The two diagrams involve either
a virtual D∗0 (left diagram) or a virtual D̄∗0 (right diagram).

E and the three momenta:

E = −δD∗Dπ +
p2

D

2MD0

+
p2

D̄

2MD0

+
p2

π

2mπ0

, (14)

where δD∗Dπ is the energy released in the decay of D∗0 to D0π0:

δD∗Dπ ≡ MD∗0 −MD0 −mπ0 = 7.14± 0.07 MeV. (15)

10

Figure 14: Examples of expected X(3872) lineshapes in J/ψπ+π− (solid-blue curve) and
D0D0π0 (dashed-red) final states for various parameter choices in the molecular hypothesis
(from [89]).

than those of the χc states, the tens of events per day of running at the peak will be greater
than the background observed by E835.9 By way of comparison, Table 2 shows current
sample sizes, which are likely to increase by not much more than an order of magnitude as
the respective experiments complete. (Although CDF and DØ could amass samples of order
104 X(3872) decays, the large backgrounds in the CDF and DØ observations, reflected in
the uncertainties on the numbers of events listed in Table 2, limit their incisiveness.)

We have concentrated here on one decay mode of the X(3872): X(3872)→ π+π−J/ψ.
Large samples will of course also be obtained in other modes as well, increasing the statistics
and allowing knowledge ofX(3872) branching ratios to be improved. Given the uncertainties
in the cross section and branching ratios, the above may well be an under- or overestimate
of the pp formation and observation rates, perhaps by as much as an order of magnitude.
Nevertheless, it appears that a new experiment at the Antiproton Accumulator could obtain
the world’s largest clean samples of X(3872), in perhaps as little as a month of running. In
a few months of running, hundreds to thousands of observed events can be expected in all
of the known decay modes, and many more, as-yet-unknown, modes should be seen as well.
We will also have the opportunity to study the angular distributions of both the known and
unknown modes. The high statistics, event cleanliness, and unique precision available in
the pp formation technique could enable the world’s smallest systematics. This experiment
could thus provide a definitive test of the nature of the X(3872).

4.4 Additional Physics

The proposed experiment will be relevant to many topics besides the main ones described
above, providing the opportunity for several dozen additional physics papers and thesis
topics. Here we briefly summarize a few examples.

As mentioned above, very little is known about 3.5–8 GeV antiproton interactions. We
will measure for the first time particle multiplicities and differential cross sections with
precision over the full range of beam energy accessible at the Accumulator.

9This pp→ X(3872) sensitivity will be competitive even with that of the SuperKEKB [96] upgrade.
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It has been suggested [63, 29] that the X(3872) may be for pp annihilation what the
ψ(3770) is for e+e− annihilation: a source of quantum-correlated charmed-particle pairs
affording good sensitivity to charm mixing parameters. Depending on the width and for-
mation cross-section of the X(3872), this may be competitive with BES-III.10 If the X is in
fact a tetraquark state rather than a molecule, there may also be a partner state, with 0++

quantum numbers (hence inaccessible to e+e−), at ≈ 40 MeV/c2 lower mass [95], decaying
to DD, which might also serve this purpose.

The analysis of hyperon transverse-momentum distributions, dN/dpt, gathered from
various experiments (WA89, ISR, STAR, UA1, and CDF) reveals an important difference
in the dynamics of multiparticle production in proton-proton vs. antiproton-proton colli-
sions [102] (see Fig. 15). Hyperons produced with proton beam display a sharp exponential
slope at low pt, while those produced with antiproton beam do not. Since LHC experi-
ments have proton projectiles, the spectra of multiparticle production at LHC should seem
“soft” in comparison to predictions, because the MC predictions were based on Tevatron
(antiproton) data. From the point of view of the Quark-Gluon String Model [103], the
most important contribution to particle production spectra in antiproton-proton reactions
is due to antidiquark-diquark fragmentation. Measurements of pt spectra in antiproton-
proton interactions at a variety of energies can thus constrain the contribution from the
fragmentation of antidiquark-diquark strings. This study may have impact not only on
the interpretation of LHC results, but also on cosmic-ray physics and astrophysics where
matter-antimatter asymmetry is being studied.

The experiment will also have useful sensitivity to possible exotic states. An example
is the pentaquark, first discussed by Lipkin [104], who pointed out that the “anti-charm
strange baryon” (c̄uuds or c̄udds) could be more strongly bound than the H (di-Lambda)
proposed by Jaffe [105]. While these remain a controversial topic and the subject of many
recent papers [106], the question of stability of >3-quark states is of substantial intrinsic
interest, akin to the possible molecular nature of the X(3872). Although there are upper
limits on their production cross section times branching ratio to φπp or K∗Kp [107], Lipkin’s
pentaquarks are by no means entirely ruled out. One by-product of the charm mixing and
CPV search discussed above will be improved sensitivity to charmed pentaquarks. We will
thus set new limits on (if not discover) the anti-charm strange baryon and shed new light
on this difficult question.

Several X, Y , and Z states besides the X(3872) have been observed at the B factories
(some of which are discussed in [2]). Our understanding of these could benefit from pp
formation or production studies. Many, though not all, are accessible at Accumulator
energies: the X(3940), X(4140), X(4260), Y (3940), Y (4260), and Z(3930) [2, 15]. Some
may not be distinct states and some may be charmonium states, but their study in pp could
yield valuable information.

The Drell-Yan [108] effect (production of massive lepton pairs in hadron collisions via
quark-antiquark annihilation into virtual photons) has been used for many years to measure
distributions of antiquarks in nucleons and pions. Such measurements are expected to be
feasible with medium-energy antiproton beams as well [34] and can give access to new
aspects of the physics [109].

10If the X(3872) turns out to be extremely narrow, as expected in the molecular hypothesis, taking full
advantage of this option would require additional antiproton cooling in order to narrow the beam-energy
distribution and increase the X formation rate compared to production of continuum events; this could
be accomplished by installing the Recycler electron-cooling system in the Accumulator, which is however
beyond the scope of the currently proposed effort.
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Figure 15: Data on Λ pt spectra (in arbitrary units) from WA89 [97], ISR [98], STAR [99],
UA1 [100], and CDF [101] show systematically different exponential slopes between proton
and antiproton beams.

5 Experiment Description

5.1 Beam

We will use the Antiproton Accumulator beam, with no modification of the facility required
other than replacement of a short length of beam pipe at AP-50. In order to avoid scattering
secondaries more than necessary as they enter the detector, we will employ a thin beryllium
beam pipe. There are left-over beam pipes from DØ and CDF that appear to be suitable.

Antiproton cooling and accumulation will be performed in the Accumulator. The as-
sumed initial beam current is 50–100 mA, which can be accumulated (without use of the
Recycler) in ≈ 2.5–5 hours at 20 mA/hr; stacking will thus occupy ≈ 10–20% of operating
time. For running at antiproton kinetic energies below 8 GeV, some time will also be re-
quired for deceleration. This is accomplished using an RF cavity operating at the second
harmonic of the beam revolution frequency, with a maximum RF voltage of about 3 kV,
allowing a deceleration rate of about 20 MeV/s [33].11 Depending upon the desired beam

11Deceleration of course relies on the beam being bunched to some degree, as does precision calibration
of the beam orbit length (and hence, energy) using beam position monitors (BPMs). This is in tension with
the need for a debunched beam in order to maximize the rate of stochastic cooling. The compromise solution
described here is the one successfully devised for E835 [33].
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energy, we expect the useful beam lifetime to be 10–20 hours.
A nominal run plan could consist of a day-long cycle of stacking, beam preparation,

data taking and recovery. We can expect to achieve ≈ 8 pb−1 per day and > 200 pb−1 per
month. The r.m.s. spread of the center-of-mass energy in E835 was ≈ 300 keV [33], allowing
measurement of resonance widths with <∼ 100 keV precision. Using the ψ′ mass (known to
0.04 MeV [15]) as calibration point, E835 achieved an r.m.s. uncertainty of ≤ 0.15 MeV/c2

in the measurement of charmonium-state masses [33]. We anticipate similar performance
in this experiment.

Currently, the Main Injector minimum cycle time is set at 2.2 seconds to load protons
and ramp. In the NOνA era, the Recycler Ring will provide protons in one turn and then
the minimum Main Injector (MI) cycle time will just consist of the ramp: 1.33 seconds.
The Antiproton Source is not capable of running at that cycle time and would therefore
take two out of twelve MI batches of proton beam on target every other MI cycle. We note
that during stacking there will be a small impact on the beam intensity available to NOνA,
given by 1/2× 2/12 = 8.3%. Since this will occur at most 20% of the time, the integrated
effect on NOνA will be less than 2%.

5.2 Targets

Of the physics topics proposed above, some require a hydrogen target while others may be
optimized by the use of a nuclear target. The hydrogen cluster-jet target used in E835 is
currently at GSI Darmstadt, where it has been used in prototype studies for development
of the PANDA target, but it can be returned to Fermilab and made available for our
experiment if we so request [110]. We are also proposing to use wire (or pellet) targets of
various materials (for example, Be, Al, and Ti), which can localize the primary vertices in
two or three dimensions and thus aid in the identification of charm decays. Development of
a movable wire or pellet target is a rather small job which could be carried out at Fermilab
or by a collaborating group.

As discussed above, the study of the properties of the X(3872) calls for a hydrogen target
in order to minimize the spread in collision energy. However, the X includes D mesons
among its decay products, whose detection would benefit from a thin target. A frozen-
hydrogen target could bring the advantage of localizing the primary vertices without the
drawback of windows, which a liquid-hydrogen target would entail. By providing a known
initial state with minimal energy spread, a hydrogen target could also be advantageous
for charm running, providing a constraint that can be used for particle ID. Whether this
outweighs the cross-section advantage of nuclear targets can probably be reliably assessed
only with actual data.

The thickness of the target should be such as to give the desired ≈ 10 MHz inelastic-
interaction rate at the intended rate of circulating antiprotons. The 50–100 mA circulating
beam current discussed above represents (0.5 to 1)×1012 antiprotons stored in the 474-m-
circumference Accumulator ring. Thus the rate at which antiprotons circulate past the
target is R = (3 to 6)× 1017 p/s.

5.2.1 Cluster-jet target

E835 employed a hydrogen cluster-jet target, and a similar target is in preparation for
PANDA. The maximum target density achieved in E835 was 3.2 × 1014 atoms/cm3 [33],
which the PANDA collaboration projects can be improved so as to reach a luminosity
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particles forming a large invariant mass. It is
designed to provide a large acceptance and to
operate at high interaction rates. The capability
for operation at high rates is achieved by
segmenting the detectors and by equipping all
channels with time-to-digital convertors (TDC) to
allow rejection of out-of-time signals.

The space available constrains the apparatus
to be compact and led to the cylindrical, non-
magnetic detector shown schematically in
Fig. 9.

The innermost section of the detector is devoted
to the charged particle trigger and tracking.
During the 1997 run it was composed of three
plastic scintillator hodoscopes, four layers of drift
tubes (straws), a silicon-pad detector, a forward
veto scintillation counter and a scintillating-fiber
detector. For the year 2000 run the silicon detector
was replaced by a second scintillating fibers
detector. The inner detectors are fully contained
in a cylinder of radius 17 cm and length 60 cm;
their total thickness is less than 7% of a radiation
length ðX0Þ for particles crossing at normal
incidence.

A threshold Cherenkov counter provides trig-
gering on electrons produced in J=c decays.

Electron and photon energies and directions are
measured by two electromagnetic calorimeters that
together give full acceptance between 2# and 70# in
the laboratory frame.

The total integrated luminosity is measured by
means of a luminosity monitor that is installed
beneath the jet target body.

In the following sections each detector and its
performance is described. Additional details are
contained in the quoted references.

ARTICLE IN PRESS

Fig. 9. Schematic side view of the E835 detector as it was during 1996/1997 run.

Fig. 8. The luminosity control system. As the beam current
diminishes (linearly decreasing curve in units of number of
circulating antiprotons), the instantaneous luminosity is kept
constant by gradually increasing the jet density (the almost
constant value shown by the flat curve corresponds to
1:9$ 1031 cm%2 s%1).

G. Garzoglio et al. / Nuclear Instruments and Methods in Physics Research A 519 (2004) 558–609 565

Figure 16: Illustration of luminosity leveling achieved in E835 (from [33]).

of 2 × 1032 cm−2s−1. An advantage of the cluster-jet technique is the ability to control
the target density precisely and vary it over the course of the fill so as to do “luminosity
leveling” as the circulating beam is depleted. This ability depends on having some head
room, i.e., being able to achieve a higher target density than needed at the initial beam
intensity. As shown in Fig. 16, in E835 this was successfully accomplished at luminosities
up to ≈ 2× 1031 cm−2s−1 [33].

At a beam intensity IB and jet diameter dJ , the jet density needed for a given luminosity
L is

ρ ≈ L
IBdJ

. (13)

For IB = 6 × 1017 s−1, L = 2 × 1032 cm−2s−1, and dJ = 0.6 cm as in E835, we obtain
ρ = 6× 1014 atoms/cm3, about a factor 2 higher than achieved in E835 [33]. For luminosity
leveling, some headroom beyond this would be desirable. It is likely that this density increase
can be accomplished, as envisioned by PANDA [34]. However, since many of our physics
goals benefit from a short target, our baseline hydrogen target is the frozen-hydrogen target
described below.

5.2.2 Wire target

A wire target is straightforward and will take little effort to prepare, using standard, off-
the-shelf Fermilab modules. A thin wire will be stretched across, and attached to, a fork
mounted within the beam pipe, such that it can be moved towards or away from the beam
via a stepping motor. (Alternatively, a small pellet can be affixed to a thin, low-mass sup-
port, e.g., a 100-µm-diameter Ti pellet fastened to a 10µm Ti wire.) Given the magnetic
field at the target location, the motor will likely be pneumatically actuated. During an-
tiproton stacking, the wire will be parked far from the beam. Once a stable, cooled beam
is circulating, the fork will be carefully moved inwards until the desired interaction rate is
reached. At present it is unclear whether the beam halo will be spontaneously replenished,
such that a constant wire position will result in a constant interaction rate, or whether the
wire will clean out and deplete the halo. In the latter case, the wire can gradually be moved
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further inwards to maintain a constant interaction rate, or halo can be artificially generated
by injecting a small amount of noise into the stochastic-cooling system.

As an example, the nuclear interaction length of titanium is λI = 27.5 cm, thus a 30-
µm-thick titanium slab would represent 0.01%λI [15]; taking into account its cylindrical
cross section, a 30-µm-diameter Ti wire thus has an average thickness in interaction lengths
t = 8.6 × 10−5 λI . Thus to sustain an interaction rate RI = 10 MHz will require a rate of
antiprotons hitting the target given by

Rp =
RI
t

=
10 MHz

8.6× 10−5
= 1.2× 1011 Hz . (14)

Compared to the circulating antiproton rate, this is somewhat less than 1 antiproton per
million. Approximating the transverse beam distribution in x or y as Gaussian, the target
would need to be maintained about 3.5 standard deviations out from the beam center.

The rate of ionization energy loss for antiprotons traversing such a target averages
dE/dx × tavg = 7.0 MeV/cm×πd/4 = 1.6 keV per crossing. The radiation length of Ti is
X0 = 3.56 cm, so the target represents 0.068%X0, thus the mean-square multiple-scattering
angle of traversing antiprotons is increased at the rate ≈ (14 MeV/c / p)2 (x/X0) =
(1.7 nrad)2 per crossing at 8 GeV. The stochastic-cooling system should be capable of com-
pensating for these small effects, in order to maintain approximately constant beam energy
spread and divergence and minimize beam loss. Some experimentation with wires of various
materials will be required to ascertain which target material is optimal in this regard.12

5.2.3 Frozen-hydrogen target

Ishimoto et al. at KEK have successfully built and operated a variety of windowless frozen-
hydrogen targets over several years [91, 111]. These target designs rely on the low vapor
pressure and good thermal conductivity of solid parahydrogen at ≈ 2–4 K to limit sublima-
tion into the beam vacuum. A recent, successful design for a rare-isotope-beam experiment
at TRIUMF is shown in Fig. 17 [111]. As indicated in the figure, the design features a
3–30-µm-thick silver foil stretched over a conical hole in a cooled copper block. To form the
target, parahydrogen gas is blown onto the foil through a sintered stainless-steel diffuser
and solidifies into a 350-µm-thick film. The diffuser can then be lowered to the “standby”
position and the beam turned on; over a 5 mm diameter, the beam sees only hydrogen plus
the thin silver foil. During the “hydrogen-blowing” process the beam vacuum in the vicinity
of the target is 10−7 mbar, improving to 10−8 mbar once the hydrogen gas is turned off.

For our experiment, Ishimoto has sketched the new design illustrated in Fig. 18. The
cold mass terminates in a notched piece of copper; the notch, shaped as a semicircle-plus-
square, can be filled in with solid hydrogen using the retractable diffuser. Retractable
front- and back-plates define the target thickness.13 The 1 mm thickness of the hydrogen is
an initial suggestion, but it can be made thinner, perhaps down to 100µm; an important
consideration is how wide the notch must be to have a negligible rate of interactions in
the copper. Although the 1 cm transverse dimensions of the notch place the copper out of
the core of the beam by many standard deviations, some experimentation will be required
in order to understand these issues in more detail and determine the practical parameter

12With similar considerations, materials in the range Al through Ti were found to be optimal in HERA-
B [112].

13To prevent the front- and back-plates from sticking to the frozen hydrogen, they are operated at a
temperature of ≈ 30 K, somewhat above the freezing point of hydrogen.
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Figure 17: Schematic of solid-hydrogen target built at KEK for TRIUMF experiment, with
as-built photos of cold mass, diffuser, and target assembly at right.
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Figure 18: Schematic of solid-hydrogen target proposed for our experiment: left, with
diffuser in place over initially empty notch; center, with solid-hydrogen-filled notch (shown
in gray), and diffuser retracted; right, 3D schematic of target and beam.

limits. The design goal is 10−7 mbar during hydrogen blowing and 10−10 mbar in operation
at 2 K.

As an example, we consider a 300µm thickness of solid hydrogen. The nuclear inter-
action length of solid hydrogen (SH2) is λI = 591 cm, thus a 300-µm-thick hydrogen slab
would represent 5.1 × 10−5λI [15], and a 10 MHz interaction rate will require a rate of
antiprotons hitting the target given by

Rp =
RI
t

=
10 MHz

5.1× 10−5
= 2.0× 1011 Hz . (15)
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Compared to the circulating antiproton rate, this is (as above) somewhat less than 1 an-
tiproton per million. Approximating the transverse beam distribution in x or y as Gaussian,
the target would need to be maintained about 3.5 standard deviations out from the beam
center.

The ionization energy-loss rate for antiprotons traversing such a target averages dE/dx×
t = 0.36 MeV/cm× 0.03 cm = 11 keV per crossing. The radiation length of SH2 is X0 =
716 cm, so the target represents 4.2 × 10−5X0, thus the mean-square multiple-scattering
angle of traversing antiprotons is increased at the rate ≈ (14 MeV/c / p)2 (x/X0) = (1.0 ×
10−10 rad)2 per crossing at 8 GeV. These small effects are well within the capability of the
stochastic-cooling system.

5.3 Luminosity Monitor

A luminosity monitor will be important in order to achieve small systematic uncertainties in
measuring cross sections. A technique that has worked well in many previous experiments
(including E760 and E835; see Fig. 1) is to monitor production of particles at right angles
to the beam and target. As in past experiments, a small scintillation telescope (possibly
with some material interspersed in order to suppress counts from very soft particles) will
serve the purpose.

5.4 Magnetic Spectrometer

The final states to be studied feature prominently the charged particles e, µ, π, K, p, and
their antiparticles, as well as photons and neutral pions (which decay into photons). The
E760 barrel calorimeter [113, 33], with its 1,280 tapered lead-glass blocks all pointing to the
antiproton interaction point, has well-established capabilities for identifying and measuring
the energies and directions of electrons and photons. However, it produces little information
about muons or charged hadrons, whose precise measurement requires the use of a magnetic
spectrometer to determine their trajectories and allow reconstruction of their momentum
vectors.

A cylindrical geometry offers large solid-angle coverage and thus large acceptance for
the produced final states. This consideration motivated the cylindrical layout of the E760
calorimeter (as well as that of the proposed “SuperLEAR” hyperon experiment [87]) and
dictates the required geometry of the magnetic spectrometer: a cylindrical, solenoidal mag-
net that can be inserted into (or, alternatively, surrounding) the E760 calorimeter, with
appropriate detectors to precisely measure the trajectories of the charged particles. A sim-
ilar problem has recently been solved by the Muon Ionization Cooling Experiment (MICE)
collaboration [114], who have built (with the participation of the IIT group) solenoidal spec-
trometers employing thin, planar scintillating-fiber (SciFi) detectors to detect and measure
muons of hundred-MeV kinetic energy [115]. This is our baseline solution. We are also in
discussion with physicists from CEA Saclay about another option: a high-rate time projec-
tion chamber (TPC). Our simulations presented above are based on the SciFi option and
show that it is good enough, but at this early stage we make no claim of optimality; opti-
mization will require further studies and may (for example) determine that a configuration
with fewer channels suffices for the physics.
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B. Superconducting Magnet Design 

The features of the magnet are summarized as 

Aluminum stabilized conductor has 
remarkably larger stability margin than 
that of copper stabilized one when they are 
compared under the condition of same weight. 
Additionally transparency of aluminum is much 
h~ er than that of copper, so it enables the 
rgat ion thickness of the coil to  be minimum. 

fOllOWS [4] - [5]. 
Aluminum stabilized superconductor 

Pure aluminum strips for quench protection 
Pure aluminum strips, which are glued onto the inner 

surface of the CO$, may enhance. transverse quench 
propagation resulting m prevention of hot spot 
occurrences. 

A li uid helium reservoir tank is welded to one end of 
the CO!, which .is cooled by thermal conduction. T.his 
c o o h  method is more reliable than the forced c o o h g  
under%alloon fli t condition, because of no needs for 
active elements. %e bath p o h y ~  method is not applied 
due to disadvantages of a thlck w 1 of a cryostat. 

The outer vacuum c linder is made of an aluminum 
honeycomb plate whici has the advantage of larger 
stiffness t@ plain one when they are compared under the 
same condition of weight. 

Main parameters of the mapet  i s  summarized in TableTI , 
and the. cross section is shown in Fi ..2. The superconducting 
coil is installed into a double cyhfvcal vacuum vessel. The 
coil wound w t h  aluminum stabibed su erconductor is 
supported by an outer ylinder made OF high strength 
alumnum all0 ( 2219T-t85 ). 

A ri siaped liquid hehum reservoir tank is welded at 
one end 2 t h e  support *der. The coil is indirectly cooled 
by thermal conduction t ough the cylinder and the coil 
itself [SI. 

Static indirect cooling 

Aluminum honeycomb vacuum vessel 

_ _  
TABLE II 

MAIN PARAMETERS OF THE MAGNET 
Central magnet field 1.2 T 
Nominal current 520 A 
TUmS 3383 turns 
Stored energy 815 kJ 
Coil sue 1 . 0 m G  X1.3m 
Usefid warm bore 0.85m Q, X 1.0 m 
Overall magnet size 1.2mG X2.0m 

0.2 Rad. length 
0.04 Int. length 

LHe Capacity 150 1 

Total weight 430 kg 
Supconductor 

Transparency 

LHe life time 5-6days 

Superconductor ( m e  - wire ) 
Stabilizer 
Area ratio of ( NbTi/CdAl) 
R R R ( d )  
Cross section 
Critical current ( 63 3.8 T, 4.2 K ) 

NbTi/Cu 

1:1:7.3 
> 1000 
1.2 X 1.8m2 
930 A 

AI ( 99.999 % ) 

Fig. 2. Cross sectional view of the magnet 

C. Cryogenic gas flow control forflighi 
Atmospheric pressure is reduced according to the 

ascending payload. Some regulation is required to miuntam 
the cryogen to be stable in the tank, otherwise counter flow of 
air or water would enter through the vapor exhausting l i e  
during descending and would bre.& the system. Usual back 
pressure regulators cannot be ap lied for this system, because 
their operation depend on the regrence to the atmosphere for 
their standard pressure. 

A pressure regulation device consisting of absolute 
pressure relief valves provided by TAVCO Inc. is applied for 
this magnet s stem to keep the pressure in the reservoir tank 
constant at azout 0.1 MPa A.B.S.. This absolute relief valve 
has an evacuated cavity as a reference independent of 
circumstances. The regulating device was installed onto the 
end of the steady vapor gas line as shown in the flow diagram 
(Fig. 3). 

Unfortunately the simple absolute relief valve may not 
work perfect1 as a pressure regulator especially on the sky, 
because the Zaerence between the craclung pressure (0.106 
MPa) and reseat ressure (0.087 MPa) causes zero flow 
periods, which res$ in a temperature rise at the lower end of 
current leads and inducing a quench. On the ground, the 
balance between the flow rate of va or gas and the pressure 
drop at the relief valve is maintain4 so that the valve keeps 

9 ABSOLUTE R.V. 

DIFFERENTIAL R.V. 

Fig.3. Flow diagram of the magnet 
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Figure 19: Schematic of BESS solenoid (Ref. [116]); dimensions given in mm.

5.4.1 Superconducting solenoid

We have identified a small superconducting solenoid at KEK (Fig. 19), left over from the
BESS program of balloon-borne cosmic-ray spectrometers [116], and the KEK Director has
graciously given us permission to use it; its properties are summarized in Table 9. The
BESS solenoid is wound with aluminum-stabilized superconductor, employs an aluminum-
honeycomb cryostat, and thus, at 0.2 radiation lengths, is quite thin (cf. the DØ solenoid at
0.9 radiation lengths [15]), making it almost ideally suited for insertion within a calorimeter.
The liquid-helium tank (shown at right in Fig. 19) may need to be removed in order to
provide sufficient access to the target area. The BESS solenoid will need to be moved to
Fermilab and integrated into the apparatus, and the cryogenics to cool it to LHe temperature
will need to be designed, built, and installed. (This system can be shared with that of the
VLPCs as discussed below.)

5.4.2 Silicon vertex detectors

The Moscow State group has provided silicon detectors for many experiments. Currently
they are building detectors for the Compressed Baryonic Matter (CBM) experiment at
FAIR. These are 4 × 6 cm2, 250-µm-thick, double-sided detectors with 59µm pitch and
±7.5◦ stereo angles, and may be suitable for our experiment. These can be configured as
wedges and mounted around the beam pipe as shown in Fig. 20. While silicon detectors are
not essential to our physics goals, we are discussing the possibility and expect to have more
to say about it at a later time. Given the additional multiple Coulomb scattering of silicon
as compared to plastic, the detectors and their mounting structures need to be designed
with care if the already-good vertex resolution of the SciFi system is to be improved upon.
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Table 9: BESS solenoid parameters.
Parameter Value Unit
Outer diameter 1.18 m
Inner bore 0.852 m
Length 2.0 m
Coil diameter 1.0 m
Coil length 1.3 m
Maximum field 1.2 T
Turns 3383
Nominal current 520 A
Thickness 0.2 rad. length

0.04 int. length
Superconductor NbTi/Cu

Stabilizer Al (99.999%)
RRR (Al) >1000
Cross section 1.2× 1.8 mm2

Critical current (@3.8 T, 4.2 K) 930 A
LHe capacity 150 liters
Weight 430 kg
Stored energy 815 kJ
Estimated value 1.25 M$

5.4.3 Scintillating-fiber tracking

The MICE spectrometers each employ five planes of scintillating fibers of 350µm diameter,
placed at a pitch of 427µm in three doublet layers oriented in “60◦-stereo” views (Fig. 21),
operating within a 4 T solenoid. The MICE fiber thickness is dictated by the need to
reduce multiple Coulomb scattering, which dominates their position measurement resolu-
tion. Hence, the MICE fibers are ganged by sevens into the readout system, reducing the
needed readout channel count correspondingly. The MICE fiber planes are read out using
≈ 8,000 spare channels from the DØ readout system, including the Visible-Light Photon
Counter (VLPC) cryogenic photodetectors [117], with their remarkable, >80% quantum ef-
ficiency [118, 30]. It is this high quantum efficiency that enables use of the very fine MICE
fibers, and of the even-finer fibers we propose. Figure 22 shows the light yield observed in
cosmic-ray tests of the MICE trackers, which agrees well with the design value and implies
that the fiber diameter can be reduced to 250µm while maintaining good light yield and
reconstruction efficiency.

The proposed antiproton-experiment tracking system will need better position resolu-
tion than in MICE, and the higher momenta to be measured reduce the effect of multiple
Coulomb scattering. We therefore propose to use 250µm fibers placed at a pitch of 272µm,
with each fiber individually read out. This yields the channel count of Table 6, requiring
the use of most of the DØ readout system (not including those channels already loaned to
MICE). Given that the bore of the solenoid (see Section 5.4.1 and Table 9) is slightly smaller
than that used in the simulation studies, the channel count of Table 6 will be reduced by
≈10%; with the 20% higher magnetic field, the acceptance will be little affected, and the
mass resolution will improve.
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Figure 20: Sketch of possible Silicon Vertex Detector geometry: each disk is composed of
13 sensor wedges with 6 cm radius and 4 cm outer circumference. (Beam pipe fits within
inner circle.)

Figure 21: Layout of MICE scintillating-fiber detectors: (left) arrangement of fibers in a
doublet; to reduce the needed readout-system channel count, fibers in MICE are ganged
for connection to the readout system, with the seven fibers indicated in red connecting to a
single VLPC via a 1.05-mm-diameter clear light guide; (right) three doublet layers oriented
in 60◦ stereo.

The MICE fiber planes are supported within the solenoid bore by a carbon-fiber frame
fabricated by the University of Liverpool group (Fig. 23). We anticipate their contribution
in this capacity for the antiproton experiment as well. As indicated in Tables 6 and 9 and
Fig. 1, the new planes will cover a larger aperture than the MICE 40 cm bore and will be
placed closer together, but the MICE design approach will still serve, and the needed parts
will still be within the capabilities of the Liverpool machine shop.

5.4.4 TPC tracking

Compared with scintillating fibers, a time projection chamber has the advantages of pro-
viding many more points per track, along with dE/dx particle-ID information; it also has
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Figure 22: Observed photoelectron yield in MICE tracker cosmic-ray tests.

Figure 23: (left) CAD drawing of MICE tracker support frame, showing five carbon-fiber
station support bodies mounted on space frame; (right) photo of carbon-fiber station sup-
port body.

a significantly smaller channel count and represents less material in the path of the parti-
cles. Its disadvantages include coarser position resolution of each measured point (typically
≈ 100–200µm, compared to 250µm/

√
12 ≈ 70µm for the SciFi option) and the tens-of-

microseconds memory time which, at the ≈ 10 MHz interaction rate at which we propose
to run, would mean that multiple interactions are typically piled up in each “event.” Fi-
nally, in contrast to SciFi, which produce fast signals that can be used in the first-level
trigger, triggering information using a TPC could be derived only with a complicated on-
line track-finding system. However, this challenge is already being tackled by the PANDA
collaboration [119, 120], and we will use similar approaches if we decide to include a TPC
in our design.

The challenge for a TPC is the high rates of interactions (<∼ 10 MHz) and charged par-
ticles (<∼ 50 MHz, making some allowance for possible photon conversions in the beam pipe
etc.) in <∼ 8 GeV antiproton collisions at 2× 1032 cm−2s−1. While we are unaware of a TPC
of the needed dimensions that has been operated at such rates, the KABES detectors for the
NA-48/2 experiment constitute reduced-scale prototypes [121]. These feature Micromegas
readout, providing sufficient gain with suppressed ion feedback compared to traditional
multiwire avalanche detection. They were successfully operated at charged-particle rates
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Figure 24: (a) Schematic and (b) photo (taken in yellow light so as not to damage the
scintillator) of a MICE scintillating-fiber ribbon as built at Fermilab. Mirrored ends of
fibers are to the left. After gluing of ribbons onto station bodies, fiber free ends are glued
into optical connectors, trimmed, and polished.

up to 70 MHz [121].

5.5 Particle Identification

A time resolution of 10 ps suffices to identify hadrons (Fig. 25) over much of the momentum
range of interest, and muons as well, using a detector barrel just outside the solenoid and
an endcap disk just inside the downstream end of the solenoid. Such time resolution is
already available (but expensive, as discussed in Sec. 6.2) using Cherenkov radiators with
commercial microchannel plates (MCPs) and fast time-digitization electronics [122]. We are
keeping watch on the Univ. of Chicago “Large-Area Picosecond Photo-Detectors” project,
which seeks to develop cost-effective, large-area detector assemblies with performance sub-
stantially better than we require [31]. It now appears that such devices will be available
on a suitable time-scale (≈ 2013) for initial installation in our experiment. Failing this, we
could add them later as an upgrade (the scenario considered in Table 19).

The proposed detector configuration (Fig. 1) includes a TOF barrel and an end-cap
covering the downstream solenoid aperture. While the dimensions of the photodetectors
will depend on the outcome of the current R&D project, we have sketched one possi-
bility (Fig. 26), based on the geometry of commercially available 4 × 11 cm2 Photonis
105X35/12/10/8 MCPs [123]. These are sensitive to within 1 mm of their edges, giving
96.6% coverage. The barrel consists of 34 1-cm-thick, 11-cm-wide, 1-m-long quartz radiator
plates, each tiled with 25 MCPs, for a total of 850 MCPs; another 114 MCPs can cover the
end-cap area. From the viewpoint of multiplicity, coarse segmentation (e.g., one electronics
channel per MCP) would suffice. However, since the signal delay depends on location within
the MCP, better time resolution will result if each electronics channel corresponds to only a
fraction of an MCP. We have budgeted assuming a 3× 3 array of electrodes on each MCP,
but it’s possible that 2× 2 would suffice, with attendant cost reduction.

Should the Univ. of Chicago Picosecond project fail to come to fruition in time, another
option is to explore the performance of a TOF detector with a substantially reduced number
of commercial photodetectors, by relying on the appreciable fraction of Cherenkov light that
is totally internally reflected within the quartz radiator plates and thus emerges at their
ends, where a reduced number of MCPs will suffice to detect them. If this results in too few
photoelectrons, there is room between the 1.18 m solenoid outer diameter and the 1.31 m
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Figure 25: Momentum-vs.-time-difference (∆t) plot for hadrons from simulated D0 decays
accepted by the apparatus; apparent structure is an artifact arising from discrete locations
at which time is evaluated in the simulation. With 10 ps ∆t resolution, charged kaons
(upper-right curves) are separated from charged pions by >3σ for p < 3 GeV/c and by >2σ
for 3 < p < 6 GeV/c.

calorimeter inner bore to increase the thickness of the quartz plates up to about 5 cm. The
lengths of the full quartz plates imply up to several nanoseconds in propagation time for
internally reflected light, which may make 10 ps resolution difficult. To cope with this, the
plates of the barrel could be suitably subdivided into segmented rings read out at their
downstream ends. (Hadron identification in this experiment over the needed momentum
range can also be partially realized kinematically, as well as, in the TPC tracking option,
up to about 1 GeV/c, from ionization data.)

5.6 Calorimeter

As already mentioned, the E760 barrel calorimeter [113, 33] consists of 1,280 tapered lead-
glass blocks all pointing to the antiproton interaction point, covering polar angles of 10◦ to
70◦ with respect to the beam axis. They are arranged in 20 “rings” in polar angle, with each
ring subdivided into 64 segments in azimuth; the segmentation in polar angle is visible in
Fig. 1. The insertion of the solenoid inside the calorimeter bore should be done in such a way
as not to interfere with the performance of the calorimeter photomultiplier tubes (PMTs),
requiring that the magnetic field at the PMT locations be <∼ 10 G. This will require the use
of iron pole faces and a flux return partially enclosing the calorimeter. The forward pole
face and flux return will necessarily occlude the five innermost rings of lead-glass blocks,
limiting the inner polar-angle coverage to 17.5◦.

5.7 Triggers

Level 1 triggering can be done based on hit patterns in the SciFi and TOF counters, as well
as energy deposition in the calorimeter. The hit-pattern triggers can be implemented using
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Figure 26: (left) Cross-sectional schematic diagram of TOF Barrel detector, made up of 34
staves (quartz-plate/MCP sandwiches), mounted between solenoid (inner ring) and (outer
ring) calorimeter inner bore, together with (right) close-up illustrating individual staves.

trigger hardware recycled from DØ [124]. Our goal is to reduce the interaction rate by over
an order of magnitude, so that the Level 2 trigger will have to accept no more than about
one event per microsecond; if the Level 2 trigger takes of order 1 ms, this will mean fewer
than 1,000 events in the Level 2 pipeline on average. With raw events of order 1–10 kB
in data length, this requires a buffer of only modest size, hence the Level 2 trigger could
actually take considerably more time per event, while still requiring < 1 GB of buffer RAM.

While data on 8.9 GeV/c antiproton reactions are as yet unavailable, Enstrom et al. [67]
have compiled bubble-chamber results on charged-particle multiplicities at 3.66, 5.7, and
6.9 GeV/c. The production cross section for > 4 charged tracks is almost constant in this
energy range at ≈ (8.2 ± 1) mb. Thus at 2 × 1032 luminosity the rate of such events is
≈ 1.6 MHz. We take this as an upper limit on the rate at which detector data will need to
be digitized and read out. Typical events with > 4 charged tracks will have tracks with small
transverse momenta, thus by doing some additional fast pattern recognition we anticipate
reducing the rate by another order of magnitude, so that detector digitization and readout
can take place at about 100–300 kHz. This is comparable to the event rate in HyperCP [69]
and less than the design rate in MICE [125], so is well within the state of the art.

Given the paucity of detailed experimental data, validation of the standard Monte Carlo
generators in this energy range is necessarily imperfect, and Monte Carlo predictions of
trigger rejection are unlikely to be fully reliable. We have nevertheless used Geant4 [126]
to give us some (qualitative, at least) confirmation of the efficacy of this Level 1 approach.
Figure 27 shows the transverse-momentum spectrum of minimum-bias events as generated
by Geant4 for p-H2 interactions at 8.9 GeV/c in our proposed spectrometer. The mean
pt is 295 MeV/c, and 19% of tracks have pt exceeding 500 MeV/c. Thus requiring that at
least one track exceed this pt threshold will reduce the ≈ 1.6 MHz rate coming out of the
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Figure 27: Transverse-momentum histogram of minimum-bias events as generated by
Geant4 for 8.9 GeV/c p-H2 interactions, as viewed in barrel and end-cap TOF detectors,
with a 1 T solenoid field.

multiplicity trigger to ≈ 300 kHz. Figure 8(right) shows that D0 → Kπ decays produce very
few tracks with transverse momenta below this threshold. If additional rejection is needed
at Level 1, a second track can be required to exceed a similar (or possibly, a somewhat
reduced) threshold.

We have also used Geant4 to study p-Ti interactions at 8.9 GeV/c. These have somewhat
higher multiplicity and somewhat softer pt distributions than those in p-H2 interactions.
The mean pt according to Geant4 is 240 MeV/c, and 13% of tracks exceed a 500 MeV/c pt
threshold. Thus with nuclear targets the track multiplicity requirement will have somewhat
lower, and the track pt requirement somewhat higher, rejection, but the conclusions above
remain qualitatively unchanged.

Besides the D0 → Kπ signal mode considered above, there will also be higher-
multiplicity signal events (from, e.g., D0 → Kπππ, D0 → KSππ, D+ → Kππ, etc.),
for which pt distributions will be softer than those of D0 → Kπ. High trigger efficiency
for such events, with adequate minimum-bias rejection, can be maintained by subjecting
higher-multiplicity events to less stringent pt requirements.

Event pattern recognition (trackfinding) for Level 2 triggering will be performed in a
farm of event processing modules, which can make use of detailed tracking and particle-
ID detector data. The PANDA collaboration is developing a powerful system for this
purpose [119], led by the Univ. of Giessen group, and we are exploring their participation
in the Fermilab project (in the years before antiprotons at FAIR become available), or
the purchase of “Compute Node” modules of their design. Each Compute Node features
five large Xilinx Virtex-4 FPGAs as well as 2 GB of RAM, Gigabit Ethernet, and several
high-bandwidth optical links [120]. (It should be noted that our experiment and event
complexity will be only a fraction of PANDA’s.) Our goal for Level 2 is a further order of
magnitude in minimum-bias rejection, which will bring the rate of events to be recorded
down to ≈ 10–30 kHz.

Assuming a 100 kHz Level 1 Accept rate, we can estimate the required number of Com-
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Table 10: Event length estimate.

Detector # hits/track Total # hits # bytes
SciFi 24 120 480
TOF 1 5 20
Calorimeter 10* 50 200
Subtotal 700
Headers† 70
TOTAL 770

∗Based on a calorimeter pulse occupying up to 10 ADC time slices.
†Event and sub-event header words estimated as 10% of total.

pute Nodes as follows. To process simulated drift chamber data with 3 tracks per event
and 10 hits per track, PANDA found about 60µs per event for one prototype Compute
Node [120]. If our processing time per event were the same, we would need 6 Compute
Nodes to keep up with 100 kHz of Level 2 triggers. In these hardware trackfinding algo-
rithms the processing time is typically quadratic in the number of hits and can be made to
scale linearly with the number of hits by adding sufficient processing nodes in parallel. Thus
to handle the greater hit multiplicity in our events (see Table 10), we would need 42 = 16
times as many modules, or approximately 100 Compute Nodes. We assume further event
processing in a 50-node Linux PC farm. (We have budgeted for these systems below, and
we note that the estimate corresponds to 15% of that for the BTeV trigger system, which
is plausible given the simplicity of our events compared to those in BTeV.) This estimate
is arguably conservative in that the scaling of processing time may well go as the square of
the number of hits per plane, implying a scale factor of (5/3)2 ≈ 3 rather than 16, but in
planning such systems, our experience shows that it pays to be conservative.

5.8 Data Acquisition System

We take 30 kHz as an upper limit for the rate of events to be recorded. Events will typically
be well under 10 kB in length (see Table 10), leading to an upper limit of 300 MB/s, or 6
petabytes/year, comparable to the data rate in CDF or DØ. Given the values in Table 10,
more likely, the rate will be less than 3 PB/yr. As a benchmark, HyperCP, with a typical
charged multiplicity per triggered event of 2, had 0.5 kB average event size and stored
1 × 105 events/s using 5 VME RAM buffer modules and a large parallel array of Exabyte
tape drives [69]. At present the most cost-effective archival storage medium is still magnetic
tape (albeit 0.8 TB LT04 rather than 4 GB Exabyte cartridges), at ≈ $45/TB, which may
come down by about a factor of 2 within the next year or so when widespread use of LT05
tapes becomes established [127]. In addition to the cost of tape, current practice at Fermilab
is to purchase a 10,000-slot robotic tape-library module for every 10,000 tapes recorded, at
an added operating cost of ≈ 0.7 M$ each [127]; this exceeds by a factor of 2 the cost of the
tapes themselves.

In reading out our SciFi detectors, the DØ scintillating-fiber readout system will need
to satisfy rather different requirements than in DØ. While the interaction rates are similar
(≈10 MHz), the multiplicities and event sizes are quite different, with only about 20 fiber hits
expected per event compared to thousands in DØ. However, to cope with their large event
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size, DØ employs low-level triggers to reduce the frequency of scintillating-fiber readout
to about 2 kHz. As discussed above, in the antiproton experiment the low-level trigger
will be derived from the fibers themselves, by looking for interesting patterns in the “fast-
OR” outputs from the AFE-IIt boards, inconsistent with those of minimum-bias events. We
anticipate that this “logic matrix” trigger may be satisfied at a rate of 100 to 300 kHz, thus a
faster version of the AFE-IIt microcode will be required. Fortunately, much of this work has
already been done for MICE [125], whose design trigger rate is 600 kHz. In the Antiproton
Accumulator (unlike the Tevatron Collider and MICE), the beam is debunched, with no
radio-frequency time structure, hence the operation of the AFE-IIt boards will need to be
synchronized to an arbitrary clock, rather than to the Tevatron crossing time (as in DØ)
or (in MICE) the ISIS accelerator clock; however, this can be accomplished with minimal
deadtime [124]. As in MICE, we will read out the AFE-IIt system via VLSB modules in
several parallel data-streams, using VME systems [128]. The VLPC photodetectors used for
the scintillating-fiber tracking detectors operate at a temperature of 9 K; this will require
moving a ≈ 600 W helium liquefaction system to the AP-50 experimental area. (The same
system will be used to cool the solenoid, whose ∼ 1 W heat load is negligible on this scale;
alternatively, if SciFi tracking is not used, the solenoid can be cooled using closed-cycle
cryocoolers.)

To enable operation of the E760 calorimeter at luminosities up to 2× 1032 cm−2s−1, as
well as to cope with the high anticipated Level 1 trigger rate, we will read out the calorimeter
with waveform digitizers of a design recently developed at Fermilab [124, 129].

6 Budget and Schedule

We believe the estimates given here to be reliable. They are in the process of being refined,
and more precise ones may be available soon.

6.1 Summary of Recuperated Equipment

Our proposed experiment design is based on the availability of substantial amounts of very
capable equipment and material:

• The E760 barrel calorimeter is in storage at Fermilab.

• The BESS spectrometer solenoid is available at KEK.

• The old CDF and DØ beryllium beam pipes are in storage at Fermilab.

• The 100,000-channel DØ scintillating-fiber readout system (VLPCs, VLPC cryostats,
and AFE-IIt cards) will become available once the Tevatron program completes.

• The DØ and CDF Level 1 trigger systems will become available once the Tevatron
program completes.

• Large numbers of VME crates, with their power supplies, master computers, and other
interfaces, will become available once the Tevatron program completes.

• High-quality iron for the magnet yoke is available at Fermilab.
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6.2 Budget Summary

Table 3 gives an overall budget summary. Tables 11 to 17 summarize our budget estimates
by subsystem. We note that the total budget is close to what should be obtainable in
university research grants from NSF and DOE. The scenario we envision is a combination
of grants from the NSF Major Research Instrumentation (MRI) program and the DOE
Nuclear Physics program (in support of DAQ and trigger development for this experiment
and PANDA). The MRI program now has a $4M maximum request and a 30% non-federal
match requirement, making compliance difficult for many university projects. However, with
the BESS solenoid as an in-kind contribution, it should be possible to obtain up to $4M in
this way for construction of a solenoidal tracking spectrometer. The high-bandwidth data-
acquisition and Level 2 triggering farm we propose is well suited to PANDA as well as to our
experiment and (given the likely schedule for antiprotons at FAIR) could be used by each
experiment in succession; alternatively, the system developed for our experiment could be
inexpensively replicated for PANDA, since, given Moore’s Law, the software and firmware
development cost for such systems is likely to outweigh the hardware cost for replication
in ≈ 2016. The cost to Fermilab nevertheless cannot be made zero, since operating the
Antiproton Source in the mode we propose will cost an estimated $2M/year, and some
work (e.g., safety committee reviews) will necessarily have to be done by Fermilab personnel.
However, the cost to Fermilab will be quite small relative to the value of the physics output.

Budget estimates for targets are given in Table 11, including the frozen-hydrogen target
and assuming that we build three wire targets of three different materials.

A budget estimate for the Luminosity Monitor is given in Table 12.
We present in Table 13 the estimated cost for building the proposed 80,000-channel

scintillating-fiber tracking system. We are less knowledgeable as to the cost of building and
instrumenting a high-rate TPC, but are confident that it would be significantly less than
that of the SciFi option; fundamentally, many fewer parts need to be handled in order to
assemble a TPC, whereas for a SciFi system, every individual fiber must be manually laid in
place, threaded through connectors, and read out by VLPCs maintained at a temperature
of 9 K. We emphasize that our goal is to fund the entire cost of the SciFi (or other tracker)
system from university grants.

Concerning the TOF budget, the Large-Area Picosecond Photodetector project leader-
ship is at present reluctant to project future costs, but the goal is that they be substantially
less than that of current devices. In view of this, we present here an approximate estimate
based on existing commercial technology (Table 14), with the proviso that we do not plan
to seek funds for this level of expenditure. If the cost of the new devices is not established
in time for the current round of budgeting, we could defer this detector and install it later
as an upgrade (the assumption underlying Table 19).

A Trigger budget estimate is given in Table 15.
Data acquisition will be done largely via VME, using crates and interfaces recuperated

from CDF and DØ. The calorimeter signals will be digitized via flash-ADC modules of a
recent Fermilab design [129]. Since some of the lead-glass blocks will be obscured by the
forward part of the return yoke, only 960 of the 1,280 channels will need to be instrumented.
We have included funds for spares. We emphasize that our goal is to fund the entire cost
of the Trigger and Data Acquisition systems from university grants.

The largest item of infrastructure is the cryogenics system. It and other anticipated
infrastructure costs are summarized in Table 17. We emphasize that our goal is to fund
as much as possible of the infrastructure and its installation from university grants. Much
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of this will consist of existing equipment and materials (cryogenics equipment, return-yoke
iron, beam pipe) at Fermilab.

Table 18 presents an estimate of annual operating costs. (We note that the cost of
running g − 2 around the clock using the Antiproton Source is expected to be greater than
that given here for a 15% duty-factor antiproton stacking and cooling operational mode.)

Table 11: Target Budget Estimate.

Type Cost (k$) Cont’cy (k$) Basis
Wire 30 10
Solid hydrogen 400 150 S. Ishimoto, KEK
TOTALS 430 160

Table 12: Luminosity Monitor Budget Estimate.

Item Cost (k$) Cont’cy (k$) Basis
Scintillation telescope 50 15
Electronics 10 5
TOTALS 60 20

Table 13: SciFi Budget Estimate.

Type Number Cost (k$) Cont’cy (k$) Basis
Scintillating fiber 90 km 40 20 Kuraray (MICE quote)
Clear fiber 300 km 280 140 Kuraray (MICE quote)
Engineering effort 2 FTE-yr 500 150 MICE
Technician effort 6 FTE-yr 600 200 MICE
Fiber mirroring 100 25 MICE
Optical connectors 200 50 MICE
Support structure 100 25 MICE
TOTALS 1,820 610
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Table 14: Time-of-Flight Budget Estimate.*

Type Number Unit cost (k$) Cost (k$) Cont’cy (k$) Basis
MCP 1,000 7 7,000 3,000 Photonis, Inc.
Quartz plates 40 2.5 100 30 SPI
Electronics 10,000 0.25 2,500 500 CAEN
VME systems† 13
TOTALS* 9,600* 3,530*

∗Note that we do not plan to use this commercial solution; we present its budget here for
illustrative purposes only (see discussion in text).
†Available from CDF and DØ.

Table 15: Trigger Systems Budget Estimate.

Item Number Unit cost (k$) Cost (k$) Cont’cy (k$) Basis
Level 1* P. Rubinov, FNAL
L2 Compute Nodes 100 9 900 300 P. Rubinov, FNAL
L2 Farm nodes 50 2 100 30
Postdoc effort 3 FTE-yr 270 90
Student effort 3 FTE-yr 120 40
TOTALS 1,390 460

∗Level 1 trigger from DØ.

Table 16: Data Acquisition Budget Estimate.

Item Number Unit cost (k$) Cost (k$) Cont’cy (k$) Basis
Calorimeter flash ADC 1,200 0.10 120 30 P. Rubinov, FNAL
VME system* TBD 0 0 0
Data buffering system 1 10 3 M. Crawford, FNAL
Tape drive+host node 5 18 90 30 M. Crawford, FNAL
Postdoc effort 2 FTE-yr 180 60
Student effort 2 FTE-yr 90 30
TOTALS 490 153

*Available from CDF and DØ.
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Table 17: Infrastructure Budget Estimate.

Item Cost (k$) Cont’cy (k$) Basis
Assemble and install solenoid flux return 300 100 Vl. Kashikhin, FNAL

M. Green, LBNL,Cryogenics & solenoid installation 900 400
R. Rucinski, FNAL

Install Be beam pipe 50 20
Install cables 100 30
TOTALS 1,350 550

Table 18: Estimate of Annual Operating Costs.

Item #/yr Unit cost Cost (k$) Cont’cy (k$) Basis
Antiproton Source operations 2,000 K. Gollwitzer, FNAL
Magnetic tapes 1000 35 35 35 M. Crawford, FNAL
Tape libraries 0.1 700k 70 70 M. Crawford, FNAL
Equipment maintenance 10 10
TOTALS 2,115 115
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6.3 Schedule

Assuming the Tevatron run ends in late 2011 as currently scheduled, the opportunity will
be present to build and install the needed equipment in 2012 and begin commissioning
when accelerator operations resume in ≈ 2013. Given the inevitable delay from approval to
availability of grant funds, such a schedule is likely too tight, and commissioning in 2014 is
a more-likely-achievable goal. We present in Table 19 an illustrative guesstimated schedule,
which of course will need to be refined in the light of what we actually find in running the
experiment.

Table 19: Illustrative Schedule Estimate: after about two years of assembly and installation,
apparatus shakedown and data-taking will take about four years.

Activity Duration (mo)
Apparatus shakedown & debugging 6
Find X(3872) and measure cross section 1
Measure σ(D∗) and σ(D) 1
Measure σ(ΩΩ) 1
Study/scan charmonium states 1
Dedicated X(3872) run 12*
Dedicated hyperon CPV run 12*
Install & debug particle-ID (TOF) upgrade 3*
Charm CPV run 12*

∗Durations of precision physics runs depend on cross sections, to be measured in early running.
Latter part of schedule will likely be revised based on what is learned in former part.

7 Collaboration

We view the author list of this proposal as a subset of the eventual collaboration. We are in
discussion with physicists from various institutions who have expressed interest but have not
yet decided to join our collaboration. With approval and funding, many individual inves-
tigators will be joined by postdocs and students, and additional physicists and institutions
will join.

8 Competition for the Facility

It has been proposed that the g−2 experiment be moved from Brookhaven to Fermilab and
installed near the Antiproton Source, with the antiproton production target and Debuncher
ring used to produce the needed muon beam. The proposed modification of the Debuncher
will render it incompatible with antiproton operation. We believe this to be unwise. Use of
the Antiproton Source has also been discussed for the Mu2e experiment, and putting g− 2
there runs the risk of delaying Mu2e. (While the same argument could be made against our
proposal, we are committed to making way for Mu2e when the time comes.)

An equally good (if not superior), and possibly less expensive, scenario for g − 2 at
Fermilab has been presented by D. Johnson [130], which avoids the need for a new building
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to house the g − 2 ring, allowing it to be installed, trimmed, and calibrated with minimal
delay. In this scenario, the g − 2 ring is housed in the CDF Assembly Hall, 8 GeV protons
are targeted in A0, and a permanent-magnet beamline transports the muon beam to B0.
This preserves the Antiproton Source infrastructure for other possible uses. We believe that
this alternate scenario should be evaluated thoroughly before a decision is made.

The Antiproton Source is a unique facility in the world. Its value for antiproton physics
is substantial and should not be dismissed without careful evaluation and consideration.
Having optimized this unique capability at great effort and expense in order to do the best
Tevatron Collider physics possible, we have a responsibility to exploit it as thoroughly as
possible after the end of the Tevatron program.
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